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NACA INVESTIGATION OF FUEL PERFORMANCE
IN PISTON-TYPE ENGINES

By Hexry C. BARNETT

PREFACE

It is generally recognized that the piston-type engine will continue
to play an importent role in air transportation for an indefinite period
in spite of the intensive effort now being devoted to gas-turbine power
plants. For this reason, past researches conducted in piston engines
are still of interest in the solution of current problems relating to such
engines. In order to simplify the task of using the data from previous
investigations, an effort has been made to compile & portion of these
data into & single reference source.

This particular report is a compilation of many of the pertinent
research data acquired by the National Advisory Committee for
Aeronautics on fuel performance in piston engines. The original data
for this compilation are conteined in many separate NACA reports
which have in the present report been assembled in logical chapters
that summarize the main conclusions of the various investigations.
Complete details of each invesfigation are not included in this sum-
mary; however, such details may be found, in the original reports cited
at the end of each chapter.
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CHAPTER I
HIGH-SPEED PHOTOGRAPHIC STUDIES OF KNOCKING COMBUSTION

By C. Davip MIiLLER*

At the Summer Meeting of the Society of Automotive
Engineers in 1946, Mr. C. David Miller of the NACA
presented a paper entitled “Roles of Detonation Waves and
Autoignition in Spark-Ignition Engine Knock as Shown by
Photographs Taken at 40,000 and 200,000 Frames per
Second.” This paper was a summary of the NACA high-
speed photographic studies of combustion in engine cylin-

ders and it is reproduced substantially in its original form

as chapter I of this report. The same material, under
the title given above, was previously published in the Trans-

actions of the Society of Automotive Engineers in January, |

1947.

The National Advisory Committee for Aeronsutics has
been using high-speed motion-picturs photography in re-
search over a period of more than 20 years and has applied
this method to the study of combustion within engine cy-
linders since 1933. By the early part of 1936 it had becomsé
apparent that commercially available cameras were not fast
enough for the study of engine combustion, particularly for
the study of spark-ignition engine knock. For this reason
work was begun at Langley Field early in 1936 on the de-
velopment of a high-speed camera using a newly invented
optical system (reference 1). This camera, which was fully
described in reference 2, will be referred to throughout this
paper as the high-speed camera. It was operated success-
fully at 40,000 photographs (or frames) per second on its
first test late in 1938 and has been used since that time
principally in the study of knock in the spark-ignition en-
gine at Langley Field, Va., and at Cleveland, Ohio. It was
soon found, however, that even 40,000 frames per second
was inadequate for the study of spark-ignition engine knock,
and work was begun in 1939 at Langley Field on the devel-
opment of a still faster camers. This development was
based on another optical system (invented early in 1939)
entirely unlike that of the high-speed camera developed in
the years 1936 to 1938. (See reference 3.) Construction
of a camers incorporating the new optical system was com-
plefed in 1941. This camera will be referred to throughout
this paper as the ultra-high-speed camera. The ultra-high-
speed camera could not be operated satisfactorily according
to the original design. The difficulties were not directly as-
sociated with the optical system of the camera but with
incidental mechanical details. Development of the design,
continued since 1941, has not yet been completed. Ome

*Now with Battelle Memorial Institute.

photograph of the phenomenon of spark-ignition engine
knock, however, was secured with the ultra-high-speed
camera at Cleveland at the rate of 200,000 frames per sec-
ond. It is believed that pictures can eventually be ob-

tained with this camers at & speed several times greater than A

200,000 frames per second.

Results of the research work done with the high-speed
camera and the ultra-high-speed camera have been reported
on a restricted basis during the war years except for one
paper (reference 4) presenting a small amount of work on
diesel combustion. A report on spark-ignition engine com-
bustion printed in 1941 (reference 5) presented preliminary

results and showed that the knock reaction occurred in less

than 50 microseconds, and that this reaction may be pre-

ceded by much slower exothermic end-gas reactions. Ref-

erence 6 printed in 1942 included additional preliminary re-

sults and included indications thet the knock resction may

sometimes originate af a point outside of the end gas and

that the knock reaction may be preceded by mild vibrations

which become manyfold intensified at the instant of knock.

In references 5 and 6, the characteristic reaction occupying
less than 50 microseconds as seen in the photographs was
more or less assumed to be the knock reaction on the basis
of the general appearance of the motion pictures. In rei-
erence 7, issued In 1943, this characteristic reaction was

deﬁ.mtely shown to begin simultaneously, within 25 micro-

seconds, with the onset of violent knocking gas vibrations .

as shown by a piezoelectric pressure pickup exposed to the
end gas in the combustion chamber. Reference 7 included

additional indications that the knock reaction does not nec-

essarily originate in the end gas.

Reports released in 1944

showed that the knock reaction instantly rendered a Iarge"_

part of the unreleased energy of combustion chemically un-
available (reference 8), revealed several definite facts about
the previously noted preknock vibretions, and showed the
development of several types of preknock end-gas auto-
ignition as well as autoignition in a large end-ges volume
practically without any resultant knock (reference 9).
1946 a report was released presenting analyses of some of
the hlgh—speed pictures indicating knocking detonation~wave
velocities ranging from one to two times the speed of sound
in the burned gases (reference 10), and ultra-high-speed”

In

photographs taken at 200,000 frames per second have been
relessed confirming the detonation-wave character of kmock

with a wave speed of 6800 feet per second (reference 11).
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It is the purpose of the present paper to offer a unified report
of the facts concerning spark-ignition engine knock that
have been previously reported on a restricted basis and to
include as an introduction to the unified report the results
of a literature study which the suthor believes support the
new concept of knock that he and his coworkers have ob-
tained from the high-speed pictures. A synopsis of the
unified report has also been prepared in the form of a motion-
picture film (reference 12). For a general history of the
application of photographic methods to engine combustion,
see references 4, 10, and 11.

Knock, one of the most serious ]Jxmtatlons on the per-

formance of the present-day reciprocating aircraft engine,
has been plaguing the designers and users of spark-ignition
engines in general at least since 1880, when Clerk sup-
pressed extremely violent knock by the use of water (refer-
ences 13 and 14). Knock has been the subject of intensive
research by groups in various countries for about 25 years.

The past researches on knock have uncovered an immense
amount of information, not only concerning the basic nature
of knock but also concerning the question of what to do
about it. The information avyailable on the basic nature of
knock has led most writers, at least in the United States, to
accept the autoignition theory in preference to all others.
(Though many writers refer to knock as “detonation,” they
do not mean to imply that they believe knock is caused by a
detonation wave.) Only a few dissenters (references 14 to 19)
have questioned the adequacy of the sutoignition theory.*
The photographs obtained with the high-speed camera and
the ultra-high-speed camers have forced the author and his
coworkers to join the ranks of the dissenters.

The available information on what should be done about
knock is outside the scope of this paper and is so well known
that it needs no review here. The available information is
undoubtedly accurate as far as it goes and is so extensive that
many practical workers with engines and fuels even discount
the need for definite knowledge as. to what knock is.

Aside from the fact that any kind of kriowledge concerning
any process of nature rarely proves in the end to be of no
practical value, some urgent reasons exist for determining
exactly what knock is. Probably the most important reason
is associated with the fact that little is definitely known even
about the harmfulness of knock. As will be shown in this
paper, there are probably more than one and perhaps even
more than two phenomena that are regarded as knock when
they occur in the combustion chamber. In view of the
possibility that these phenomena may not all be harmful, it
seems urgently desirable to learn which are harmful and how
to distinguish between one of the phemomens and another.
As was pointed out by Boerlage in 1937 (reference 19),
the noise of Lknock cannot be regarded too seriously until
the harm done has been demonstrated to be proportional to
the noise. In order to distinguish between the forms of
knock and to know which are harmful and which are not,
the logical first step appears to be that of learning what the
phenomena are and under what conditions the various
phenomena occur.
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Other reasons for seeking the true explanation of knock
are the possible saving of much labor involved in developing
and testing ideas based on a possibly false conception of the
nature of knock, acquisition of additional fundamental
knowledge concerning chemical laws that might prove useful
in other fields, and the possibility, however remote, that
some new and simpler solution to the knock problem might
be suggested.

Next to autoignition, the detonation-wave theory probably
is generally regarded as the most plausible of the many
theories that have been advanced to explain knock. Study
of the photographs taken at 40,000 frames per second over
a period of 6 years has convinced the author that a detona-
tion wave, or some phenomenon very much like a detonation
wave, actually is involved in the type of knock most fre-
quently encountered in the modern aireraft engine. Auto-
ignition also appears to be often involved in knock. A com-
bined autoignition and detonation-wave theory has been
proposed (reference 10) on the basis of a study of the high-

- speed photographs and the available literalure concerning

knock.

The autoignition and detonation-wave theories of knock
are actually in agreement in many respects. According to
either theory knock accurs only after the flame has traveled
from the spark plug through most of the fucl-air mixture at
speeds ranging from below 50 feet per second to several
hundred feet per second, depending on engine speed, fuel-
air ratio, and a number of other variables. This speed of
50 to several hundred feet per second is a low speed from the
standpoint of tendency to produce shock; it is the normal rate
of burning in nonknocking operation. Again according to
either theory, the shock known as knock is produced by the
sudden inflammation of the end gas, the gas that has not
yet been ignited at the time knock occurs by the normal
travel of the flame from the spark plug.

If the end gas is considered as being divided into a very
large number of extremely small cells or increments, it is clear
that no great shock will result from the burning of the indi-
vidual increments at widely different times, however fast the
burning of each increment may be, and it is also clear that
shock will not result from the simultaneous burning of all the
increments unless each increment goes through the burning
process within an extremely small time interval. Shock will
result, according to either theory, only if eaeh increment
burns within & very small time interval and all inecrements
burn at the same time within a very small limit. If these

two conditions are satisfied, then the end gas does not have

time to expand during the burning of the increments and &
very high pressure is produced in the end gas relative to the
gas in the other parts of the chamber. The subsequent
expansion of the end gas sets up a violent vibration or system
of standing waves throughout the entire contents of the com-
bustion chamber. Such a system of standing waves was
shown to be the cause of audible knock, at least under certain
conditions, by the researches reported by investigators at the
Massachusetts Institute of Technology and at General

*Since the presentation of this paper in Jane 1846, prior opposition to the autoignition theory by several others has come to the anthor's attention.
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Motors between 1933 and 1939 (references 20 to 23). Slow-
motion pictures of these vibrations taken at 40,000 frames
per second were first presented at an SAE meeting in March
1940 (reference 23). '

The only point of difference between the autoignition and
detonation-wave theories is in the means of synchronizing
the ignition of the end-gas increments, that is, the meche-
nism that causes ell end-gas increments to burn at the same
time within a small enough limit to cause shock.

The argument presenting the synchronizing mechanism
of the autoignition theory is as follows: Each end-gas incre-
ment will burn explosively when it attains some certain
combination of temperature end density (or the equivalent
of some particular temperature-density history, as suggested
by Leary and Taylor of M. L. T. in reference 24). All end-
gas increments are adiabatically compressed at the same time
and at the same rate by the expansion of the burning gas
behind the flame front. All increments of end gas should,
therefore, reach the critical combination of temperature and
density at which they will explode at the same time.

In an analysis of the synchronizing mechanism of the auto-
ignition theory, it should be considered that the compression
- of the end gas by the burning gases is accomplished by an
infinite series of sound waeves. A given condition of tem-
pergture and density should, therefore, be expected to travel
through the end gas from the burning zone at the speed of
sound. The combination of temperature and density in any
end-gas increment may be expressed as some function F,
so defined that each end-gas increment will explode when
F=F,, 43, the term & representing an element of uncertainty
due to random variation in the behavior of the end-gas
increments or to random inhomogeneities. The value of F
in each end-gas inecrement will inerease by an amount equal
to 25 in some time interval . Now if r is not greater than
the order of the time interval * required for a sound wave to
pass through the unignited end ges, then it should be ex-
pected that autoignition would take place as an explosive
reaction traveling through the unignited end gas at least at
the speed of sound. It would not take place as a simulta-
neous reaction throughout the end gas. The explosive reac-
tion would constitute some kind of explosive wave, if not
an actual detonation wave. This wave might fravel too
slowly to produce shock and to be regarded as a true detona-
tion wave. Obviously, however, the less shock the wave
produced the less the knocking sound heard outside the
engine.

If  is assumed to be much greater then the order of +,
then autoignition should be expected to develop homogene-
ously throughout the end zone. The pressure built up by the
combustion of the end gas, however, is relieved also by an
infinite series of sound waves. Consequently, if r is many
times greater than the order of a time interval '/ required
for a sound wave to pass through the aufoigriting end gas,
the pressure in the end gas would be relieved many times
during the process of autoignition and shock would not occur.

The magnitude of the time interval r apparently must

~amount of energy immediately behind the shock front.
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lie within a range somewhat greater than 7 but not many
times greater than '/ if knock is to be caused by a homogene-
ous autoignition of the end gas. Above this range of values

fof 7 no shock can oceur; below this range of values the auto-

ignition must occur as something similar to a detonation
wave, and becoming more and more like a detonation wave
as the knock intensity increases. (Knocks of different in-
tensity can occur with the same end-zone volume according
to unpublished NACA. photographic records.) The time

interval 7’/ is a variable for different stages of the homogene-
ous autoignition process and reaches a value much less than

7’ during the later stages of the process. The range of values
of r greater than  but not many times greater than +//
must, therefore, be quite narrow.

Autoignition, either as a detonation wave or as a homogene-
ous reaction with r slightly greater than 7/, seems a very
plausible synchronizing mechanism. Before it is accepted
conclusively, however, the available evidence should be care-
fully studied as to whether it actually is an adequate syn-
chronizing mechanism. The evidence should also be investi-
gated as to whether autoignition of the individual gas

increments proceeds to completion within a short enough

time interval to produce shock. A considerable amount of
evidence exists against autoignition as the sole cause of the
standing waves of knock on both counts, as will be shown in
the later parts of this paper.

Thesynchronizing mechanism postulated by the detonation- __

wave theory is an intense compressive shock wave thaf
travels through the end gas at supersonic velocity. Each
gas increment is ignited probably by the combination of the
sudden intense compression occurring in the shock front, the

action of chain carriers in the shoek front, and the radiation .

of heat from the shock front. The entire combustion, or

some definite stage of the combustion, of each gas increment .

is presumed to occur in the shock front and to release a large
The
energy released by the gas inerements immediately behind
the shock front maintains the high pressure required to
propagate the shock fromt through the charge.

set up vibration of the gases throughout the combustion
chamber. If, as the author holds, gimple homogeneous
auntoignition can no longer be accepted as the sole cause of
the knocking gas vibrations, the detonation wave appears to

be the only remaining plausible explanation that has been

suggested. The detonation wave, however, may be only
the end result of a comparatively slow homogeneous end-gas

autoignition or the detonation wave may act as the initiator

of & very rapid homogeneous combustion which in its turn
sets up the violent gas vibrations.

A literature-bssed argument in favor of a combined
detonstion-wave and autoignition theory of knock will be
found in the first part of the section called “Discussion and
Anslysis,”” and the unified report of the findings obtained
from the high-speed and ultra-high-speed photographs will
be found in the second part of the same section.

Such a
phenomenon, being an intense shock wave, would obviously
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DEFINITION OF TERMS

Throughout the present paper the following terms are
used with the meanings indicated:

1. Knock: 'Any type of reaection occurring within
combustion-chamber contents and producing objectionable
noise outside the engine, but not including the phenomenon
of early combustion caused by too early spark timing or by
early ignition from a hot spot.

2. Explosive knock reaction: A specific reaction observed
in NACA photographs of knocking combustion taken at
40,000 frames per second, usually appearing instantaneous
when the photographs are projected at the normal rate of
16 frames per second and coinciding chronologically with
the onset of gas vibrations as seen in the photographs. (This
reaction, being regarded as one form of knock, will sometimes
be referred to.simply as “knock” when the context makes
the meaning clear.)

3. Flame front: The continuously changing surface that
separates uninflamed parts of the cylinder charge from the
burning parts of the charge that have been ignited by the
advance of the flame from the spark plug.

4. Autoignition: Spontaneous burning in any part of the
cylinder charge not caused by a spark, by contact with a
flame front, or by contact with a hot spot, and including not
only the initiation of burning but the entire process of
burning resulting from the spontancous ignition.

5. Shock wave: An intense compressive wave traveling
through gas at supersonic velocity, the front of such wave
constituting an abrupt increase or practical dJscontmuxty in
temperature, density, and velocity of the gas.

8. Detonation wave: A type of wave often observed in

long tubes consisting of & shock wave traveling through a

gas or a gas mixture and causing a reaction of the gas in the
shock front, such reaction releasing energy nnmedmtely
behind the shock front, the energy so releesed serving to
maintain the pressure needed behind the shock front to
propagate the wave.

DISCUSSION AND ANALYSIS: LITERATURE-BASED ARGUMENT FOR

COMBINED DETONATION-WAVE AND AUTOIGNITION
THEORY OF KNOCK

Autoignition theory.—The autoignition theory of knock
was suggested by Ricardo in 1919 (reference 25). Midgley
in 1920 declined to accept the autoignition theory and held
to the detonation-wave theory (reference 14). A year later
Woodbury, Lewis, and Canby of the du Pont Iaboratories
(reference 26) presented streak photographs of combustion
in & bomb, taken by the method of Mallard and Le Chatelier
(reference 27); and drew conclusions favoring the autoigni-
tion theory. These du Pont investigators seem to have
regarded the detonstion-wave theory as the one having had
general credence up to that time. From an analysis of their
streak photographs and from consideration of various facts
reported by previous investigators, they concluded that ‘‘the
possibility of detonation under such conditions [conditions
existing in the engine cylinder] appears exceedingly remote.”
After mentioning that detonation is set up in & closed eylinder
of small dimensions only with great difficulty, they further
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stated: ‘‘On the other hand, autoignition of the high-density
gases ahead of the flame front occurs over a wide rapge of
fuel mixtures and conditions [in their tests] and gives a
sudden development of pressure similar, in our opinion, to
that characteristic of a knocking explosion. It is possible
that this autoignition may set up detonation [a defonation
wave] in some cases, thereby acting as an intermediate stage
in knocking. Our experiments have not been carried to a
definite conclusion, and present data do not warranti presen-
tation of autoignition as a positive explanation for knocking.
It is our feeling, howover, that information at hand favors
more strongly the theory of autoignition of the high-density
gases ahead of the flame front than that of detonation [the
detonation wave].”

Actual motion pictures of knocking combustion were first
published in 1936 by Withrow and Rassweiler of General
Motors Corp. (reference 28). These excellent photographs,
taken at the rate of 2250 frames per second, showed the
development of autoignition in the end gas and greatly
increased the already existing confidence in the autoignition
theory. They were taken at too Iow arate to show a detona-
tion wave, however, even though such a wave might actually
have occurred after the autoignition that was photographed.

The autoignition theory, with the additional assumption
of preflame chain reactions, has the advantage of explaining
and correlating many of the known facts concerning knock.
During the period of 1939 to 1945, however, urgent need for
2 modification of the simple autoignition theory of knock
was shown by photographs of knocking combustion taken at
the rate of 40,000 frames per second with. the NACA high-
speed motion-picture camera. The first of these photographs,
presented in references 23 and 5, showed & reaction completed
in 50 microseconds or less. The authors believed that this.
reaction was the true knock reaction because they could sca
in the projected motion pictures that this reaclion occurred
at the same time as the beginning of the violent vibration of
the gases, which by then had come to be regarded as an
indication of knock. Later NACA tests (reference 7) showed
that this extremely quick reaction did occur simultancously
with the beginning of the vibrations. Serruyshad previously
(in 1932) concluded that knock generally occupies a lime
interval less than 100 microseconds in reference 29 and, in
1933, oii'a basis more in harmony with the standing-wave
concept of knock, in reference 30. Considerations presented
in the present paper have caused the author to abandon the
exclusiveness of the concept ‘‘true knock resction.” The
reaction will hereinafter be referred to as the ‘‘explosive
knock reaction.”

The need for a modification of the autoignition theory of
knock lies in the fact that the evidence available in the
literature indicates autoignition requires for its completion
a time interval of an entirely higher order than the 50 micro-
secands involved in the explosive knock reaction, even under
conditions of severity approaching those of the modern air-
craft engine. The previously mentioned photographs by
Withrow and Rassweiler (reference 28) clearly show Lrightly
luminous autoignition occupying a time interval of the order
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of 1000 microseconds. J:’\TACA high-speed photographs have

shown autoignition flames slowly propagating themselves

from point to point throughout the end gas before the
explosive knock reaction occurs (reference 9); and another
NACA high-speed photograph has shown autoignition devel-
oping slowly and simultaneously in all parts of the end gas
before the occurrence of the explosive knock reaction (refer-
ence 5). These two types of aufoignition shown in the
NACA high-speed photographs, preceding the explosive
knock resction, occupied time intervals renging from 500
to 1250 microseconds. Streak photographs were published
as early as 1911 by Dixon and coworkers (references 31 and
32) showing slow autoignition in glass tubes resulting from
quick compression. This autoignition progressed at a rate
comparable with the rates of the autoignitions shown by
Yithrow and Rassweiler and by the NACA investigators.

The evidence showing that autoignition occupies a time
interval of a higher order then 50 microseconds is not the
only reason for believing simple autoignition to be an inade-
quate explanation of kmock. Many investigations have
shown that autoignition can occur without causing marked
gas vibrations, which are probably the best known charac-
teristic of knock in the present*day spark-ignition engine.
These gas vibretions, if they occur, are visible in streak
photographs taken by the method of Mallard and Le Chatelier
(reference 27) as & series of bright bands extending across the
photograph in a direction perpendicular to the direction of
film movement. The gas vibrations also cause oscillations
in pressure-time records.

Some excellent streak photographs presented by Withrow
and Boyd (reference 33) are examples of nonvibratory auto-
ignition in the engine cylinder. These General Motors
investigators stated that both the pressure-time records and
the flame traces show that the autoignition required 2° to 5°
of crankshaft rotation (400 to 1000 microsec) for its comple-
tion. Figures 11 to 16 of their work clearly show the flame
front traversing the greater part of the chamber at the
normel rate and show the end gas then being consumed at a
much higher rate. All of these figures except figure 14,
however, reveal not the slightest indication of gas vibrations.
It is difficult to conclude from the printed picture of figure 14
whether there is any evidence of vibrations. Moreover, the
pressure-time records of figures 11 to 16 of reference 33 show
no evidence of gas vibrations. Though audible gas vibra-
tions probably did not occur in those tests, some kind of
disturbing noise surely must have occurred, as is discussed
in the present paper under “Detonation-¥Vave and Auto-
ignition Theories Combined.”

Withrow and Boyd did not comment on the absence of gas
vibrations in their tests. Up to about the time of the writing
of their paper (1931), gas vibrations do not seem to have been
regarded as a usual feature of knock. The only recognized
eriterion of knock as seen in pressure-time records appears to
have been simply a sharp increase in the rate of pressurs rise.
In 1932 Rassweiler and Withrow (reference 34) presentsd
streak photographs clearly showing the gas vibrations; and
in 1934 (reference 21) they showed that the vibrations as
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seen in the photographs coincided, cycle by cycle, with
fluctuations shown in the pressure-tune records.

. Woodbury, Lewis, and Canby in 1921 did not rega.rd the :

gas vibrations as being associated with knock, for in the

previously quoted passage (reference 26) they concluded on

the basis of their own experiments thaf a.uto1gmt10n of the o

high-density gases ahead of the flame front gzves a sudden
development of pressure similer, in their opinion, to that

characteristic of a knocking explosion. The pressure-time
traces presented for the cases of autoignition referred to

showed, in general, no gas vibrations but only & sharp increase
in rate of pressure rise near the end of combustion. Almost
without exception the streak photographs also showed no
trace of gas vibrations; the exception was with ether-air
mixtures.
pressure of 65 pounds per square inch, neither the flame trace
nor the pressure-time trace for an ether-air mixture showed
any sign of gas vibrations, whereas with the same 1mtla,1
temperature and with initial pressure of 75 pounds per square
inch, both the flame trace and the pressure-time trace showed
the gas vibrations with agreement in frequency. The change
that oceurred in the phenomena studied in a bomb by these
investigators, when passing from 65 to 75 pounds per square
inch with ether-air mixture at 150° C, appears to correspond
to the change in the recognized criterion of spark-ignition
engine knock that developed in the early 1930’s.

With initial temperature of 150° C and initial —__

No particular note appears to have been made in the

literature of the change in the recognized criterion of knock
that developed in the early 1930s.
appesar to be available to explain the change or to indicate

whether it was a real change caused by altered engine design

Sufficient data do not

end altered fuels or an apparent change developing with the

securing of more extensive data.
In 1939 Boyd (reference 85) compared a streak photograph
of autoignition without gas vibrations (fig. 10 of reference 35,

same as fig. 16 of reference 33) and a streak photograph of o
autoignition with gas vibrations (fig. 12 of reference 35, same

as fig. 10 of reference 34). He very reasonably regarded the
case of his figure 12 as involving a much more violent knock
than the case of his figure 10. Examination of his figures
10 and 12, however, discloses that the end zone was of nearly
the same size in the two cases at the time the autoignition,
or knock, occurred. The comparison therefore indicates
that the violence of knock or at least the violence of the gas

vibrations is not dependent on the size of the autoigniting end
Moreover, NACA high-speed photographs have

zone.
shown plainly visible gas vibrations in cases where the end

zone, if any existed at the time of start of the gas vibrations,

was too small even to be seen in the photographs (references
6 and 7).

Other streak photographs showing autoignition without
trace of gas vibrations may be found in papers by General

Motors investigators (references 36 to 38). The most striking

examples of this phenomenon, however, are to be found in the |

work of Duchene (reference 39). In this work many streak
photographs are presented of combustion, with spark ignition,
in a bomb equipped with a piston providing compression by
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a blow from & heavy pendulum. Many of these flame traces
show & sudden darkening extending entirely across the trace,
which Duchene considered as indicative of a detonation wave.
Only three of the records, however, 21, 35, and 36, show any
trace of gas vibrations. In most cases the darkening is quite
diffuse instead of practically instantaneous, as it should be if
caused by a detonation wave. The records all distinctly show
slow autoignition preceding the sudden darkening. The frac-
tion of the total charge involved in the nonvibratory auto-
ignition in the.different records covers the entire range from
near zero to practically the entire charge. Gas vibrations
should not, of course, be expected from simultancous guto-
ignition of the entire charge at constant volume. Records
23, 28, 29, and 31 of Duchene’s work, however, clearly show
autoignition of about half the contents of the chamber
without any trace of vibrations.

The inadequacy of simple autmgmtlon as an epranatlon
of the phenomenon of knock has been. clearly recognized by
some investigators. In 1928 Maxwell and Wheeler in refer-
ence 15 reported frequently observing autoignition flame,
with 50-50 mixtures of pentane and benzene in a bomb,
starting from the far end of the cylinder and progressing back
to meet the spark flame. They reported that explosions in
which this phenomenon occurred were no louder than usual
and that the pressure records showed no unusual features.
They concluded, in consequence, that such an ignition of
unburnt residual mixture is not likely to be the cause of a
pinking explosion in an engine cylinder. In reference 16 the
same investigators stated: ‘‘Our objection to the ‘autoigni-
tion’ theory is that, when such ignitions occur during an
explosion in & closed cylinder (for example, figs. 2 and 5), the
explosion is no more violent than in their absence. Moreover,
what we have termed a ‘pink’ in our cylinder, because it so
closely resembles the pink in an engine cylinder, is obtained
most commonly without the occurrence of ‘autoignition.’ ”’

In 1935 Egerton, Smith, and Ubbelohde (reference 17), in
discussing the work of other investigators, stated: * ‘Autoig-
nition,” that is, ignition in a region of the gas prior to the
arrival of the flame front, was observed both in the knocking
zone and elsewhere, but ‘does not necessarily give rise to_the
knocking type of combustion, though it was supposed that
the high rate of combustion in the knocklng zone was due to
autoignition within it.”

In 1936 Boerlage (reference 19), in discussing the results of
his own streak photogrephs, stated: ‘“What surprised us,
however, in the results obtained with the test engine, was the
relatively slow character of the combustion due to autoigni-
tion. The development of the second center of ignition was
at all points similar to the progression of the primary flame
due to the spark. The ‘simultaneous’ combustion of the ‘end
gas,” which we have believed responsible for the knock, thus
seems to be reduced to the rather calm development of a
secondary center of ignition.” He further stated: “* * *
the velocity of the secondary flame front is practically equal
at each instant to that of the primary flame front. We have
never been able to make out any speed equal to the speed of
sound, but at most, speeds of 150 meters per second, and
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these only in the case of excessive detonation (knock). In the

.case of glight detonation (knock) the speeds do not attain

even half this figure. * * * The pressure diagrams show
only moderate pressure rises, and this is still another indireet
proof of the fact that the speeds of the flames are relatively
low and remain much below the speed of sound. We have
not succeeded in demonstrating the existence of extreme
local pressures.”

The investigations mentioned have shown beyond possible
doubt that autoignition can, and in many cases actually docs,
occur too_slowly to cause the gas vibrations characteristic of
knock. This fact does not prove that autoignition cannot,
under any conditions, occur quickly enough to cause the gas
vibrations. It does, however, preclude the possibility of
regarding the occurrence or nonoccurrence of autoignition as
a criterion for the occurrence or nonoccurrence of the type of
knock characterized by gas vibrations. A different criterion
must be sought, either the occurrence of autoignition at a
rate above some eritical value or the occurrence of some other
phenomenon.

Indeed the criterion of autoignition at a rate above some
eritical value seems to be precluded by some of the NACA
photographs (references 5¢and 9), for in those cases slow
autoignition” was seen to occur, followed by the much faster
reaction that set up the gas vibrations. In this connection it
should be noted that some investigators (references 24 and
40) have regarded the apparent autoignition shown in one of
the NACA papers (reference 5) as a preflume reaction. The
slow apparent autoignitions shown in reference ¢4, however,
are more difficult to explain as preflame reactions beeause
they propagate themselves from point to point in tho same
manner and at about the same speed as a normal flame.

The available literature, as reviewed in this seetion, points
to the conclusion that some phenomenon other than simple
autoignition must be sought as the cause of the gas vibrations
associated with knock in the modern spark-ignition engine.

Detonation-wave theory.—Prior to the NACA investiga-
tioms that will be summarized in the present paper the oc-
currence of a detonation wave in a bomb or a knocking engine
had not been supported by any such abundance of direct
experimeéntal evidence as the occurrence of autoignition.
This fact is, of course, readily explained by the consideration

‘that the detonation wave, being & many times faster phe-
. nomenon than autoignition, requires very much more power-

ful methods for its detection. A very important considera-
tion in favor of the detonation wave as the explanation of
gas vibrations is the unquestionable fact that il would cause
gas vibrations if it did occur, whereas it has been shown that
simple autoignition does not necessarily cause the v1b1'atlons
when it occurs.

Many writers have long been strongly opposed to the
detonation-wave theory of knock, prmupa]lv because it is
very difficult to set up detonation waves in containers as
small as an engine cylinder, or indeed in hydrocarbon-air .
mixtures at all, and because many variables heve unlike
effects on the tendency of a combustible charge to knock
in an engine and to develop a detonation wave in a tube.
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In 1936 the Russian investigators Sokolik and Voinov
(reference 18) furnished direct experimental evidence of
propagated combustion, as contrasted with the concept of
simultaneous autoignition, traveling through the end zone
in & knocking engine at the correet speed to be regarded as
a detonation wave. This evidence is in the form of streak
photographs for which a sufficiently high film speed was used
to resolve the slope of the luminosity front developed by the
detonation wave. It is unfortunate that this work has not,
in the past few years, received more careful consideration.
The photographs of Sokolik and Voinov were taken through
2 narrow window extending across the combustion chamber
in the direction of the flame travel. The results show the
flame traversing the greater part of the chamber at a mean
velocity usually less than 20 meters per second, then travers-
ing the remaining part of the chamber at a velocity of the
order of 2000 meters per second.

The photographs of Sokolik and Voinov are, of course,
open to the criticism that they show the performance of
only & narrow zone in the combustion chamber. For this
reason, the illusion of a detonation wave traveling at 2000
meters per second could have been caused by a much slower
autoignition fraveling through the end gas at & considerable
angle to the visible zone. Such an illusion should not be
expected to be consistent throughout many records. Sokolik
and Voinov, however, do nof state how many records they
studied.

NACA high-speed motion pictures of knock in references
6, 7, and 11 have suggested that the explosive knock reaction
does not necessarily originate in the flame front but that it
originates at random anywhere within the normal flame or
the autoigniting end gas. For this reason NACA investiga-
tors have been slow to accept the results of Sokolik and
Voinov as having general validity, suspecting that some
difference in test conditions may have caused a type of knock-
ing phenomenon to occur in their work different from any
Eknocking phenomenon that has been found in the NACA
investigations.

The new evidence for the occurrence of a detonation wave
in the knocking engine, based on the high-speed end ultra-
high-speed photographs of references 10 and 11 will be dis-
cussed in the second part of the section called “Discussion
and Analysis.”

Intermediate flame velocity —Intermediate between the
slow autoignition found by various investigators and the
detonation-wave velocity determined by the Russian investi-
gators in reference 18is the finding by Schnauffer (reference 41)
of a speed of 265 to 300 meters per second for the travel
of a flame through the end zone in knock. Schnauffer made
this determination by means of ionization gaps mounted in
different parts of the combustion echamber. The ionization
current across the successive gaps was amplified and used to
light neon bulbs. The time interval between the lighting of
the successive bulbs was measured by the record of the bulbs
on a photosensitive drum rotating at high speed.

Flame travel at 265 to 300 meters per second through an
end zone 2 to 3 centimeters long would be almost fast enough
to satisfy the 50-microsecond limitation imposed by the

NACA photographs (reference 5}, and such a rate of flame -
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travel might, therefore, very well be regarded as a safis- ~

factory cause of the explosive knock reaction. Note should
be made, however, that the speed of 265 to 300 meters per
second has not been verified by other investigators.

Schnauffer did not indicate how many ionization gaps were

used In the actual kmocking zone to determine the velocity
of 265 to 300 meters per second. Examination of the pattern
of the gap locations as shown in the figures of his paper in-
dicates either that the velocity was determined from the time

interval between ionization of only two gaps or that the
distance over which the velocity was measured was much

greater than 2 or 3 centimeters, in which case the 50-micro-
second limitation was not satlsﬁed Measurement of rate

-

of flame travel on the basis of the time interval between

ionization of two gaps would not be valid in case of any type
of greatly accelerated reaction in the end gas. In such a
case the normal flame travel through an indeterminate frac-
tion of the distance between the last two gaps would be
erroneously treated as the flame travel across the entire
distence; the result would be a meaningless velocity.

In Schnauffer’s paper oscillograph records were shown for
theionization currents produced both by the normal flame and

the knock reaction in the end zone. The oscillograph records

for the two types of combustion look very much alike. Hast-
ings has shown in reference 42, with the vibratory type of

knock, that the total time interval throughout which ~—~

ionization currents are measurable in the end gas is only a°

small fraction of the time interval throughout which the
ionization currents are measurable in the earlier-burned
parts of the cylinder charge. The similarity in the oscillo*

graph traces of Schnauffér’s work therefore indicates that -

he was dealing with simple autoignition, not vibratory
knock.

Kature of gas vibrations.—Many investigators have shown
the occurrence of gas vibrations in bombs and in engine

cylinders, both by photography and by pressure-time records.

YWhen the vibrations were first observed on indicator records

of engine combustion, the question was raised whether they -

were not natural vibrations of the indicator set up by the
blow of knock. Undoubtedly in many cases of simple auto-
ignition this explanation was correct. In this connection the
observation by Schnauffer in 1931 (reference 43) is of
interest. With the jonization-gap method he found ap-
parently simultaneous ignition of end gas amounting to
approximately 50 percent of the entire cylinder charge;
the indicator record showed no vibrations but only a sharp
increase in rate of pressure rise. Schnasuffer commented:
“Figures 4 and 5 show that with a pressure indicator suffi-
ciently free of inertia it is very well possible to record the
knocking blow without the appearance of pressure oscilla-
tions. It is thereby demonstrated that the oscillations are

not pressure oscillations.” When Withrow and Rassweiler

in 1934 (reference 21) showed a precise agreement between

the oscillations recorded by an indicator and the bright

bands on a streak photograph of the combustion, it was no

longer possible to doubt the validity of the ﬂbratmns

recorded by the best indicators.



462

Examination of the published records of gas vibrations in
bombs and in engine cylinders reveals that with com-
paratively slow-burning mixtures, such as are used in the
spark-ignition engine, these vibrations are generally of two
types: With the first type the first cycle of vibration re-
corded has a larger amplitude than any of the later vibra-
tions and the decay of the vibrations is gradual; with the
second type both the buildup and the decay of the vibrations
are gradual. A detonation wave, by definition, would cause
the first type of vibration but not the second. With auto-
ignition ruled out as a cause of the first type of vibration,
the detonation wave is probably the only known physical
phenomenon that could cause it.
will, therefore, be referred to hereinafter, for convenience,
as the ‘““detonation wave’’ type of wbramon The many in-
vestigations that have shown the detonation-wave type of
gas vibration in bombs or engine cylinders, either photo-
graphically or by means of pressure indicators, include
some of those previously mentioned (references 5 to 7,
18, 21, 26, 30, 34, 35, and 38), as well as investigations
by Souders and Brown (fig. 6 of reference 44), Boerlage,
Broeze, van Driel, and Peletier (reference 45), and Rothrock
and Spencer (reference 46).

The type of vibration having a gradual buildup obviously
requires a gradual feeding in of energy over a period of many
cycles. This gradual feeding in of energy could occur only
if the vibrations themselves affected the local rates of com-
bustion, or energy release, in such manner as to speed up
the combustion in the high-pressure regions relative to the
low-pressure regions. Such an effect would cause any slight
gccidental vibration to become self-amplifying. The cause
of an accidental vibration is not bard to find. Ignition at a
point in a vessel will unavoidably send forth a pressure
wave which, after reflection from the far wall, will return
to the point of ignition and may speed up the combustion
upon its arrivael. Souders and Brown at the University of
Michigan (reference 44) found that a very pronounced
occurrence of this type of vibration could be eliminated by
shortening their spark commutator contact so as to decrease
the intensity of the pressure disturbance at ignition. The
type ‘of gas vibration having a gradual buildup will be
referred to hereinafter as the ‘“vibratory combustion” type
of vibration.

The possibility, of course, exists that the inertia and
damping characteristics of a pressure indicator might cause
it to indicate & gradual buildup of vibrations even though
the gas vibrations actually were of the detonation-wave
type, particularly in cases where the vibration frequency is
nearly the same as the natural frequency of the indicator.
The failure of such spurious records to occur in practice,
however, is indicated by the fact that all the records to
be found in the literature fall very distinctly into the
detonation-wave or the vibratory-combustion type; there is
apparently no middle ground. A middle ground would be
expected when the detonation-wave type of vibration is

This type of Wbratlon_
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modified by a pressure indicator with only slightly too much
inertia to produce a faithful record.

The vibratory-combustion type of vibration, as should be
expected, generally occurs in fairly long eylindrical bombs,
in which the natural frequency is comparatively low and the
total time of flame travel is comparatively long. Under such
conditions this type of vibration may occur without any
evidence of autoignition, hot-spot ignition, or any other type
of combustion except the normal flame from the igniting
spark, as in the previously mentioned work at the University
of Michigan (figs. 5, 7, and 13 of reference 44).

Gas vibrations of the vibratory-combustion type in bombs
have also heen shown by Hunn and Brown, Kirkby and
Wheeler, Lorentzen, Duchene, Wawrziniok, and Kéchling
in references 47, 48, 49, 39, 50, and 51, respectively. The
photographs by Kirkby and Wheeler show how the vibra-
tory combustion requires a bomb of considerable length.
Lorentzen pointed out that the vibrations, which he appar-
ently believed were caused by the same phenomenon as
knock in the engine cylinder, could not have been caused
by detonation because they set in before the attainment of
maximum pressure. The vibrations shown by Ducheno
(records 21, 35, and 36) are of particular interest because
they developed long after the charge had heen completely
inflamed, yet appear to have been built up gradually. The
work by Wawrziniok showed gradual buildup not only of
the vibrations in & bomb but also of the air vibrations out-
side & knocking engine. It is possible, however, that the
forced vibrations of the engine walls built up gradually
even with a detonation-wave type of gas vibration in the
combustion chamber. The gradual buildup of the air
vibrations in this case was very rapid as compared with
the buildup of the gas vibrations in the bomb; in fact, this
case gseems to be the middle ground that is lacking in indicator
records exposed directly to gas vibrations within the com-
bustion chamber.

The work of Maxwell and Wheeler (references 15, 16,
and 52) seems unique in the fact that they appear to have
encountered both vibratory combustion and the detonation-
wave type of vibration in the same explosion, and the one
oceurring just before the end of the flame travel and the
other just after the flame front reached the far wall of the
bomb. There seems to be no reason, however, why the
two types of vibration should not oceur, one after the other
in the same combustion cycle. Moreover, two independent
vibrations, each of the detonation-wave type, can be sct
up one after the other in the same combustion cycle, as has
been shown in reference 9.

The excellent streak photographs by Payman and Titman
(reference 53) are probably not pertinent to the present
discussion” because they involve only much faster-burning
mixtures than are ordinarily used in spark-ignition engines.
Inasmuch as pressure-time records are not included with
the photographs by Payman and Titman, any discussion
of the type of vibration set up by the phenomena shown
in those pictures would be only speculation.



NACA INVESTIGATION OF FUEL PERFORMANCE IN PISTON-TYPE ENGINES

Detonation-wave and autoignition theories combined.—
The foregoing discussion clearly indicates a need for some
kind of combination of the detonation-wave and autoignition
theories of knock, inasmuch as the occurrence of both
aufoignition and an apparent detonation wave has been
demonstrated in the knocking engine. The combined
theory proposed herein involves an affirmative decision on
the controversial question as to whether afterburning takes
place in a volume of gas for & considerable time affer the
flame front has passed through that volume of ges, or after
the entire volume of gas has become inflamed through
aufoignition. For the purpose of this discussion “after-
burning” will be understood to mean continued oxidation
of combustible or any other reaction that causes continued
spontaneous expansion of gases or pressure increase at
constant volume.

If the concept is accepted of a body of end ges inflamed
throughout its entire volume by autoignition, then it would
seem reasonable that under severe conditions such en in-
flamed body of gas might be highly susceptible to the prop-
agation of a detonation wave and that a detonation wave
traveling through the inflamed body of gas might be the
immediate result of autoignition. Such a high suscepti-
bility to the detonation wave might be caused not only by
the high temperature within the inflamed gases but by high
concentrations of molecular fragments that might be of
importance in the propagation of the detonation wave.
If the possibility is accepted of a detonation wave traveling
through a body of gas previously inflamed by autoignition,
it seems almost necessary also to accept the possibility of
such a wave traveling through a body of gas in which after-
burning is teking place behind the normal flame front. In
this manner s detonation wave could develop without
sutoignition efter the entire contents of the combustion
chamber had been ignited by the normal flame front. Larger
volumes of inflamed gas at any one instant would be expected,
however, with aufoignition then without sautoignition;
therefore, a detonation wave should be expected to develop
principally in the autoigniting end gas rather than in after-
burning gas behind the flame front.

Concerning the possibility of burning after passage of the
flame front through a body of gas, Withrow and Rassweiler
in reference 36 concluded that the spectrum of the after-
glow emitted by such supposedly afterburning gas is the same
as that emitted during the CO-O; reaction and caused by
active CO, O,, CO,, or O; molecules. They suggested that
the H,+CO0,=2CO-+H;0 reaction is in equilibrium after
the flame front has passed and that the afterglow is due
to a readjustment of the equilibrium when the pressure
and consequently the temperature are increased. They
remarked: “The distribution of intensity of the afterglow
throughout the combustion chamber accords well with the
idea that the emission is by carbon dioxide heated by the
increase in pressure brought about by combustion of the
rest of the charge.”

The suggestion that afterglow is entirely caused by read-
justment of equilibrium due to compression does not seem
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compatible with the resulfs of Stevens’ work at the National

Bureau of Standerds with a soap-bubble bomb in which

no appreciable compression of the earlier-burned gas by the
later-burned gas was possible. Some of Stevens' streak
photographs show very considerable afterglow (references
54 to 56). On the other hand two of his photographs

(references 57 and 58) show only the trace of the luminous -

flame front without afterglow.
Other sound explanations of the afterglow may exist

independent of the concept of afterburning, but the possibil-

ity of other explanations only precludes use of the afterglow
as support for the afterburning hypothesis; that is, the
possibility of such explanations meay not be regarded as
evidence against afterburning.

Lewis and von Elbe in reference 59 have regarded Stevens’
results (references 56 and 57) as evidence against the concept
of afterburning, stating “* * * thousands of explo-
sions * *
traveled across the entire ges mixture.” If close measure-
ments are made on figure 2 of Stevens’ 1923 report (refer-
ence 54) and figure 2 of his 1930 report (reference 56) it seems

questionable whether a positive statement can be made that

these figures show not even the slightest continued axpa.nsmn
of the luminous zone after the constant-velocity expansion of
the spherical shel! of lame had come to an end. (The end
of the constant-velocity expansion of the flame shell seems
to be the only means of determining from the photographs
when the flame “had traveled across the entire gas mixture.”)
In one of the flame traces of figure 4 of reference 58 in which
the afterglow is absent, continued expansion is pla.mly' visible
after completion of the constant-velocity expansion of the
flame shell. The printed reproductions of photographs in
reference 55 show the flame-front trace too indistinctly for
judgment on continued expansion after completion of the
constant-velocity expansion. Figure 2 of reference 54 shows
luminosity fading progressively from the outer edge of the
luminous sphere toward the center after some slight expan-
sion has possibly taken place; the progressive fading is

* failed to reveel the slightest indication of
further expansion of the burned sphere after the flame had

probably caused by rapid cooling of the outer shell of hot ~~

gases after the combustion is nearly complete. Figurs 4 of
a report by Randolph and Silsbee (reference 60), obtained
with the same Bureau of Standards apparatus as used by
Stevens, shows continued expansion most distinetly after
completion of the constant-veloeity expansion. A considera-
tion that must always be given attention in Stevens’ photo-
graphs, as well as in all photographs taken by flame radia-
tions, is the fact that these photographs may not represent
the true flame front because of low luminosity in the ea.rly
stages of burning and because of the finite exposure time
required to make a record on the photosensitive material.
The experimental work reported and the arguments
advanced by Lewis and von Elbe in reference 59 were con-
cerned mainly with the question of whether combustion in &
constant-volume bomb is complete at the time pealk pressure
is reached and not with the question of whether peak pressure

i

is reached at the instant the flame front has passed through =~ _
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the last increment of gas. The afterburning required by the
proposed combined detonation-wave and autoignition theory
would cover a time interval of an entirely lower order than
that considered in the question of whether combustion is
complete at the instant of maximum pressure. The only
consideration ‘offered by Lewis and von Elbe, other than the
photographs of Stevens, that would have & bearing on the
question of afterburning on the smaller time scale is the
suggestion that with afterburning the sharp breaks obtained
with fast-burning mixtures between the rising pressure curve
and the cooling curve would not occur. By the same token
it might be suggested that the extremely flat pressure maxima
of slower-burning mixtures, such as shown in figure 16 of
reference 7, would not occur if there were no afterburning.

Probably the strongest experimental evidence against
afterburning is the work presented in papers by General
Motors investigators. Tests with a sampling valve (rvefer-
ence 61) showed that free oxygen disappeared from the
charge immediately after passage of the flame front, but this
evidence is open to the question of whether burning was not
completed after the gases were removed from. the combustion
chamber by the sampling valve. The General Motors in-
vestigators also checked flame-front positions as shown by
high-speed motion pictures against pressure rise obtained
from indicator records. (See references 62 to 64.) The
results indicated completion of burning at the flame front,
with some exceptions in reference 64. This evidence is open
to the previously mentioned objection that the photographs
may not show the true flame front. The agreement between
flame-front positions as shown by the photographs and as
calculated from the pressure records on the assumption. of
complete combustion in the flame front may be a coincidence
or the greater part of the combustion may actually be com-
pleted in a very small part of the deep combustion zone.

That the General Motors photographs may not actually
have recorded the true flame fronts is indicated by some of
the NACA schlieren photographs of reference 7. In this
work it was shown that peak pressure was reached, at top
center, very nearly at the same time that the schlieren flame
pattern completely disappeared from the high-speed motion
pictures, or about 10° of crank angle at- 500 rpm after the
flame front had completely filled the chamber. This finding
that peak pressure at constant volume coincides with the
final fadeout of the schlieren flame pattern is supported by
the previous demonstration of the same fact in a bomb by
Lindner (reference 65).

Other evidence in favor of the concept of afterburning has
been furnished by various investigators. The ilonization
records obtained by Hastings (reference 42) showed ioniza-
tion persisting over 20° to 30° of crank angle at 2000 Fpm
with normal combustion. With his records of ionization in
the end zone during knock, the persistence had only s
fraction of that magnitude.
the much faster combustion in the end zone during knock.
It is of interest, in Hastings’ records of ionization with normal
combustion, that the ionization did not decrease steadily
after passage of the flame front but_irregularly with even
several sharp increases in ionization after the original passage
of the flame front.

He attributed the difference to

Souders and Brown (reference 44) with their streak photo-
graphs and simultaneous pressure records of combustion in
8 constant-volume bomb noted an appreciable increase in
pressure after the Alame front reached the end of the bomb.
Marvin and Best (reference 66), observing flame strobo-
scopically through small windows mountied in a eylinder
head, reported pressure rise after complete inflammation of
the cherge with very low compression ratios. Wawrziniok
in reference 55 found maximum pressure developing in his
bomb considerably after the flame front had ionized a gap
at the end of the bomb. In this case the ionization gap
was located at the most distant position in a hemispherical
end of the bomb so that error due to curvature of flame
front was minimized; yet the lag between ionization of this
gap and peak pressure was about 20 percent of the total
burning time. Marvin, Caldwell, and Steele (reference 7)
observed that total radiation from burning gases increased
after inflammation throughout a time interval equivalent
to about 20° of crankshaft rotation at 600 rpm.

Bureau of Standards investigators (reference 68), taking
streak photographs of combustion in a spherical bomb,
suspended fine grains of gunpowder at various points on a
dizmeter of the bomb by means of human hairs. With
central ignition, the brilliantly burning grains of gunpowder
continued to move toward the center of the bomb for some
time after the flame reached the wall of the bomb. This
experiment seems to be particularly sirong evidence of
afterburning in the outer parts of the bomb.

Lewis and von Elbe have done work determining the
temperature zones in burner flames in reference 69. Much
uncertainty would be involved, however, in applying the
results to the much different conditions existing in engine
combustion,

In a discussion of combustion in a turbulent stream
(reference 70} Shelkin has drawn a model of flame structure
that might well apply under the highly turbulent conditions
existing during combustion in the engine cylinder. Accord-
ing to this model, the turbulence in the flame front causes
the flame to advance in microscopic, or near-microscopic,
tongues. The structure behind the flame front is cellular;
the cell walls constitute burning gas and the interiors of the
cells constitute unignited gas. According to this model, the
unignited gas within each ce]l is gradually consumed as the
flame front progresses beyond the cell. With this structure,
in the microscopic sense the burning zones might all be very
thin; in the microscopic sense a deep afterburning zone would
exist beyond the flame front. In any event, the preponder-
ance of experimental evidence available at this time appears
to favor the existence of a rather deep zone of combustion
behind the flame front in the engine cylinder, though the
main part of the combustion may take place only within a
small part of this zone. Whether the combustion zone is
cellular on the microscopic scale or only on a submicroscopic
molecular scale does not seem important in the presentation
of the combined theory of knock. In either case there is a
possibility that the gases in the combustion zone may be
peculiarly susceptible to the propagation of & detonation
wave, and the available evidence on this point should be
carefully considered. ,



NACA INVESTIGATION OF FCEL PERFORMANCE IN PISTON-TYPE EX G]Z\"ES_’.

The concept of autoignition followed by the development
of a detonation wave was given passing attention in the
previously quoted remarks of Woodbury, Lewis, and Canby
in reference 26. Among the streak photographs of auto-
ignition resulting from quick compression of the charge in
a glass tube presented by Dixon and his coworkers (refer-
ences 31 and 32} were included some records of what they
believed to be detonation waves. Dixon and his coworkers
pointed out the fact thet the development of the detonation
wave was always preceded by autoignition at some point
within the charge. The concept of the development of a
detonation wave in autoigniting end gas has also been sug-
gested by Boerlage and van Dyck in reference 71. They
pointed out that *“simultaneous combustion’ at the begin-
ning should be considered as & slow pressure rise in compari-
son with “true detonation’ buf that it ultimately may have
the same character. The reverse concept, autoignition
triggered by a shock wave, has been suggested by Dreyhaupt
in reference 72.

The concept of autoignition followed by the development
of a detonation wave is consistent with the high-speed
motion pictures presented in various NACA reports (refer-
ences § to 9) if the explosive knock reaction is considered to
be a detonation wave. In these photographs, in most cases
where end gas was visible at the time of the explosive knock
resction, this reaction has been preceded by some form of
apparent autoignition. In one case the apparent auto-
ignition developed at definite centers within the end gas and
spread out in all directions from those centers to fill the end
zone before the explosive knock reaction occurred. (See
fig. 10 of reference 9 on preknock vibrations.) In enother
case the autoignition began at the chamber wall and propa-
gated throughout the end zone before the explosive knocl
reaction occurred. (See fig. 12 of reference 9.) In this case
the visible explosive knock reaction was light. In other
cases the autoignition developed uniformly and simultane-
ously throughout the end zone before the explosive knock
resction occurred. (See fig. 5 of the preliminary report,
reference 5.) In yet other cases autoignition was not clearly
vigible in the photographs but & visible vibration of the gases
of the detonation-wave type was set up before the explosive
knock reaction occurred (reference 9). The occurrence of a
visible vibration before the explosive knock reaction is an
effect apparently not frequently encountered. It appears
likely that this phenomenon is comparable with the explosive
knock reaction in speed and it may, therefore, be a mild
detonation wave followed later by the development of a
many-times more-powerful detonation wave.

The evidence of the NACA high-speed schlieren photo-
graphs of references 5 to 9 is open to the criticism that the
end-zone reactions shown before knock may not represent
true flame because the schlieren system may reveal reactions
much less intense than flame combustion. The same
phenomenon has been shown, however, in photographs
exposed by direct flame radiation presented by Rothrock
and Spencer (reference 46). With 18- and 30-octane fuels
at a compression ratio of 7, photographs taken at about
2000 frames per second (fig. 7 of the report by Rothrock and
Spencer) showed autoignition in the end gas one frame before
the development of the brilliant llumination ecaused by
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knock. In the same paper Rothrock and Spencer showed

that this brilliant illumination coincided chronologically

with the beginning of the gas vibrations.

The concept of a detonation wave set up in afterburmng
gases behind the normal flame front has beer proposed
previously by Maxwell and Wheeler in references 15, 16,
and 52. In streak photographs of combustion in & bomb
with knocking fuels they found only very faint afterglows
behind the flame front during the travel of the flame through
the bomb. After the flame had traveled completely through
the charge they observed an extremely high-speed travel of
a more brilliant glow through the chamber. With non-

knocking fuels, however, the afterglow behind the normal _

flame front was brilliant. They reported invariably a
correlation between the pinking tendencies of fuels and the
lack of brilliancy in the afterburning, and they reported
that the addition of ethyl ether or amyl nitrate to a fuel
decreased the brilliance of the afterglow, and that decom-
posed tetraethyl lead increased the brilliance of the afterglow.
These investigators concluded in part that the tendency to
knock was dependent on slow afterburning, leaving sufficient
energy behind the flame front to maintain & shock wave
(detonation wave) set up by collision of the flame front with
the chamber wall. Lorentzen in reference 49 found evidence

from experiments with a combustion bomb that he believed. _.
" supported the theory proposed by Maxwell and Wheeler.
The finding that knocking fuels show less brilliant afterglows

than nonknocking fuels hes been verified by Duchene
(reference 39) and by Rothrock and Spencer (reference 46).
Rothrock and Spencer have also presented in figure 12 of
the same paper 2000-frame-per-second motion pictures of
combustion of 65-octane gasoline in which the combustion
chamber was entirely inflamed before the occurrence of
knock, as indicated by very brilliant reillumination of the
entire chamber. In figure 4 of one of the NACA reports
(reference 6) a knocking reaction is seen to have occurred
not only after complete inflammation of the cylinder charge
but even so late that the schlieren combustion pattern was
almost gone.

The combined deténation-wave and autoignition theory,
to be complete, must account for the fact that combustion
cycles involving nothing more than simple autoignition have
been found by General Motors investigators in references 33;
36, and 37 and have been regarded by those investigators as
knocking cycles. It is clear that gas vibrations can cause
forced vibrations of the combustion-chamber walls of the
same frequency as the gas vibrations and thus cause a high-
pitched ping. As gas vibrations apparently did not occur
in the combustion cycles reported in those papers, however,
the question naturally arises as to the cause of the knock
that was heard. The only possible answer appears to be

that the knocking sound was due to natural vibrations of _. ]

engine parts.

The autoignition that occurred in the General \Iotors
investigations has been seen to require & period of approxi-
mately one-thousandth part of a second for its completion.
The sharp increase of pressure in the combustion chamber
within the period of one-thousandth part of a second could
set up natural vibrations in some of the stressed engine
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parts. The energy impmted to the natural vibrations by
the autoiguition would, in general be greater in the case of
low-frequency vibration than in the case of high-frequency
vibration. The influence of vibration frequency on the
energy imparted to the vibration by the autoignition could
be determined mathematically only if definite information
were available as to the rate at which energy is released by
sutoignition at each instant throughout the autoignition
process. Though no such information is available, the
experimenfal evidence at least indicates that energy is
released by the autoignition in such a manner that it does
not. excite appreciable vibration of the gases. It may,
therefore, be. reasonably assumed that the autoignition
would excite natural vibrations of the stressed engine parts
only in such modes as have a natural frequency considerably
less than the natural frequency of the vibrating gases.

The suggestion that knock is due to vibration of engine
parts caused by autoignition and that pink is caused by

gas vibrationd had previously been made by Boerlage and

his coworkers (references 19, 45, and 71).

Summary of literature-based argument for combined
knock theory.—The following facts appear to be supported
by the weight, of experimental evidence:

1. Autoignition of comparutively large bodies of end gas
oceurs too slowly under certain conditions to produce audible
gas vibrations.

2. Under suitable conditions one or both of two types of |

gas vibration may occur, the detonation-wave type and the
vibratory-combustion type.

N
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3. Either type of gas vibration may occur independently
of autoignition, but under some conditions the detonation~
wave type of gas vibration tends to occur very soon afior
slow autoignition has {aken place.

4. Under suitable conditions apparent detonation waves
can develop in the engine cylinder.

5. Under a wide range of conditions, ecither combustion
continues for a distance sometimes as great as several inches
behind the flame front or some adjustment of equilibrium
takes place through the same distance, resulting in increased

. pressure, confinued ionization, and continued emission of

light.

The foregoing facts, supported by the experimental evi-
dence, suggest the following explanation of knock in the
spark-ignition engine:

(a) Enock of a comparatively low piteh is caused by
simple autoignition of end gas at a rate toc slow to produce
audible gas vibrations.

(b) Knock involving both low- and high-pitched tones
may be_caused by autoiguition followed by the development
of a detonation wave in the autoignited gases. _

(¢) Knock of high piteh may be caused by a detonatlon
wave in- afterburning gases behind the flamo front. This
detonation wave, baving originated in the afterburning gases
behind the ﬁame front, may also pass through umgmtcd
end gas: -

This explanation of knock harmonizes with the findings
of the NACA photographic knock investipations that will
be summarized in the second part of this section.
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REPORT OF FINDINGS OF NACA PHOTOGRAPHIC ENOCE INVESTIGATIONS

Apparatus and operating conditions.—The high-speed 1

motion pictures presented and discussed herein have in
part been selected from previously published data (refer-
ences 5 to 11) obtained with the high-speed and ultra-high-
speed motion-picture eamera (references 1 to 3) and the
NACA combustion apparatus. Most of the work was done
with the old combustion apparatus described in references

5 and 46. A small part of the work was done with 2 newer
combustion apparatus. A disgremmstic sketch of the old
combustion apparatus is shown in figure I-1; the newer

"'u

il

apparatus in figure I-2. The old combustion apparatus is
a single-cylinder engine of 5-inch bore and 7-inch stroke,

with glass windows in the cylinder head and a glass mirror
on the piston top, as shown in the figure. The visible part
of the combustion chember is 4% inches long, as shown at
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0.000T SEGOND

F1auRE I-3.—High-speed photographs of normel nonknocking combustion in spark-lgnition engine. Fuel, 8-1; compression ratlo, 7.0; fuel-alr ratio, about 0.08; atmospheric Intake; one spark

plug; spark timing, 20° B. T. C.
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frame G-20 in figure I-3. The newer combustion appara-
tus (fig. I-2) was designed to provide a view of the entire
combustion chember. This engine has a bore of 4} inches
and a 7-inch stroke. Air for combustion is forced into
the cylinder through ports uncoversed by the piston at the
bottom of its stroke and eseapes through other ports on
the opposite side of the cylinder. The pressure before the
start of compression in this engine is controlled by means
of the back pressure applied outside the escape ports.

The optical arrangements for schlieren photography (ref-
erences 5 and 11) will not be redescribed herein, except to
state that with each of the combustion apparatus the schlieren
photographs were taken by externally supplied Light pro-
jected into the combustion chamber through the glass win-
dows and then reflected back out through the glass windows
to the high-speed camera by the mirror on the piston top.

In ali the investigations in which the combustion apparatus
has been used, the engine has been driven by an electric
motor and operated under its own power for only one com-
bustion cyele in each run; in each case the entire series of
photographs was taken during the single combustion ecycle.
Solid injection of fuel was used and fuel was injected only for
the single power cycle. With the old combustion apparatus
the fuel was injected on the inlet stroke; with the newer full-
view apparatus it was injected early in the compression
stroke. The engines were heated prior to the motoring
period and kept hot during the motoring period by the
circulation of heated glycerin through the cooling passages of
cylinder and head. All of the investigations have been made
with glycerin temperature approximately at 250° F leaving
the cylinder and head. The investigations have all been made
with an engine speed of approximately 500 rpm. Spark
timings and spark-plug positions were selected to produce
knock at top center with the end gas usually well within the
field of view. Other engine operating conditions and the
fuels used will be stated in the discussions of the individual
tests. Atmospheric intake was always used with the old
combustion apparatus.

Normal nonkmnocking combusﬁom—Flgure I8 of this
paper is a reproduction of figure 3 of the preliminary report
(reference 5). This figure shows the normal process of
smooth nonknocking combustion. Only one spark plug was
used, in E position. (See fig. I-1.) The injection valve
was in J position. (See fig. I-1.) The fuel was S—1 refer-
ence fuel; spark timing, 20° B. T. C.; compression ratio, 7.0;
and fuel-air ratio, approximately 0.08.

Throughout this paper the individual frames of figure I-3
and other figures will be referred to as frame A—1, meaning
the first frame of row A, frame D-8, meaning the eighth
frame of row D, and so on. The order in which the pictures
were taken is from left to right through the first row, frame
A-1 through frame A-20, then from left to right through the
second row, frame B-1 through B-20, and so on.

In the first few frames of row A of figure I-3 the flame
from the igniting spark is just coming into view. A large
black spot appears at the upper left-hand corner of each of
these frames. This large dark spot is due to an imperfection
in the schlieren system and has nothing to do with the com-

_bustion. The flame coming into view in these frames is

barely visible as a small dark spot at the central upper edge
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of each frame.
one frams and the next is extremely small because the time

The increase in size of the flame between

interval involved is only 1/40,000 second, that is 25 micro- .

segonds. The flame very gradually grows larger throughout
the first five rows of frames, A to E. In frame E-10 the
flame has grown until it covers almost the upper half of the

frame as & dark mottled cloud. Although these photographs

are actually positive prints, the flame is seen as a dark mottled
cloud because of its effect on the externally supplied light.
The photographs were taken too fast, and the lens aperture

was too small, for the flame to be photogm,phed by the light
The burning region appears to scatter the

radiated by it.
externally supplied light so that it does not get through to
the camers lens.
up as a dark cloud in contrast with the areas where no com-
bustion is proceeding. The externally supplied light passes
through the nonburning areas uninterrupted to the camera
lens and causes & fairly uniform white appearance of these
areas in the positive prints. Tor reasons that will be ex-
plained it is believed that all of the dark mottling visible in
the upper half of frame E-10 is indicative of continuing com-
bustion. In this frame, therefore, the apparent depth of the
flame in the direction of flame travel is approxmately 2
inches. It is not known to just what extent this apparent
depth is real and to what extent if is caused by tonguing of
the flame. To explain the apparent depth entirely on the
basis of flame tonguing, however, would require a quite
illogical assuraption that the flame is always much more
extensively tongued in the planes that cannot be seen in the
photographs than in the plane that is seen in the photographs.

The burning region consequently shows

(The distance through the combustion chamber in the line __

of sight from the surface of the mirror on the piston top to
the under surfece of the inner glass window is approximately
1 in.) The appearance of frame E-10 of figure I-3 is quite
typical of this stage of combustion in all photographs taken
under the same conditions. The leading edge of the flame
as seen in frame E-10 is somewhat irregular but does not
show any such pronounced tonguing as would be required to

explain the presence of mottling throughout the entire area

behind (above) the flame front.

In the frames of rows F, G, and H the flame front slowly
advances downward to a position (in frame H-20)} about
two-thirds of the way across the chamber from the point of
ignition. At the same time the dark mottling diseppears

throughout most of the area behind (above) the fiame front,

go that in frame H—20 the gpparent combustion zone ex-

tends only a short distance backward from the flame front.

This narrowing of the combustion zone as the flame front o

travels through the central part of the chamber is also

typicel of the photographs taken under these conditions.
In the frames of rows | to M the flame front slowly completes
its travel to the extreme end (lower end) of the combustion
chamber. After the flame front reaches the extreme end

of the chamber in frame M-20, the mottled combustion

zone gradually dissolves in the frames of rows N, O, and P,
leaving a clear white field throughout the entire area of the
chember in frame P-20.

It may be noted that the dark spot which was visible in

the upper left-hand corners of the early frames of row A is
not visible in the frames of row P. This spot, caused by
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imperfection of the optical system, moved about because of
rocking of the piston at top center and had moved com-
pletely out of the field of view in the frames of row P.

From the standpoint of a study of knock, the most im-
portant feature of the normal combustion photographs of

figure I-3 other than the apparent depth of the combustion
zone is the fact that all stages of the combustian process’

appear slow and smooth. When the photographs are pro-
jected on a motion-picture screen the entire process.is
slowed down so that it resembles the motion of a storm
cloud. After the combustion is completed and the mottled
zone has faded out the gases in the combustion chamber are
very quiescent, a condition contrasting decidedly with the
appearance after a knocking combustion.

Nonknocking combustion with preignition from hot spot.— -

Figure I4, a reproduction of figure 7 of reference 5, shows a
combustion process with the same fuel and the same engine
operating conditions as those of figure I-8 but with ignition
from a hot spot as well as from. the spark plug. The spark
plug was again in E position (see fig. I-1}, but an electrically
heated coil was inserted by means of a special plug at F
position (see fig I-1) and the current through this coil was
adjusted to such a value that the coil would ignite the fuel-
air mixture at an earlier time than the igniting spark at the
plugin E position.
When the camera shutter opened for the shot of figure
T4, in the first few frames of row A, the flame from the hot
spot had already come well into the field of view. The
flame from the spark plug comes into view in the later
fremes of row E and the earlier frames of row F, visible at
the top of each frame as a whitish spot. In this case the
flame shows up white by contrast with the dark spot caused

by the imperfection of the schlieren system. When the .

flame gets well out into the white part of the field of view
in row J it again shows up as a derk mottled region as in
figure I-3. The flame from the spark plug and the flame
from the hot spot merge in the frames of rows J and K and
the mottled combustion zone very gradually dissolves in
the framesof rows L to P. In this case'in the frames of row
P the dark spot at the upper left-hand corners of the frames,
caused by imperfection of the schlieren system, is still
visible. Again it has no significance relative to the com-
bustion process.

From examination of the photographs of figure I-4 as
stills, as well as from observation of these photographs as a
motion picture projected on - the screen, it must be con-
cluded that the entire combustion process is just as smooth
and gradual as with the normal nonknocking combustion
process of figure I=3. After the mottled combustion zone
has faded out the gases again appear very quiescent, in con-
trast with the appearance after a knocking combustion.
The photographs of hot-spot ignition clearly show that this
type of ignition is not a direct cause of knock.

Preliminary view of knock.—Figure I-5 of this paper is
the same as figure 5 of reference 5 and the same as figure 2
of reference 10. The combustion process shown in this
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figure involves one of the most violent knocks ever photo-
graphed. The engine operating conditions were the same
as those for the mormal nonknocking combustion process
shown in figure I-3. Instead of S-1 fuel, however, a blend
consisting of 50 percent S-1 and 50 percent M-2 reference
fuels was used.

The flame from the igniling spark comes into view in
figure I-5 in the later frames of row C, visible at the top of
each frame as a dark mottled cloud. The flame progresses
downward through the field of view in the framcs of rows
D to K in the same smooth gradual manner as in figure I-3.
In the frames of rows J and K the flame front becomes much
more irregular than in the case of figure I-3, but this irregu-
larity is considered to be no greater than is occasionally
observed with nonknocking combustion and is not thought
to be significant relative to the knock phenomenon. 1In the
frames of row L and the earlier frames of row M the end
gas, the area ahead of (below) the flame front, gradually
turns dark. By the time of exposure of frame M-10 the
end gas has become so dark that it cen no longer be distin-
guished from the combustion zone behind (above) the spark-
ignited flame front. This darkening of the end gas, which
occurs gradually throughout the frames of row L and the
earlier frames of row M, is believed to be indicative of at
least the early steges of an autoignition process. In frame
M-10, where no line of demarcation can be discerned
between the end gas and the burning gases ignited by the
normal flame travel, the photographs at least indicate that
the end gas is burning just as truly as the gases behind the
flame front. The explosive knock reaction that sets up the
knocking gas vibrations, however, has not yet begun to
develop in frame M—10. The first evidence of this explosive
reaction appears in frame M-11 as a white streak along the
lower right edge of the frame and as a slight blurring of the
dark combustion zone. In the next frame, M—12, the explo-
sive knock reaction has progressed through the entire field of
view and has given a fairly uniform white appearance to the
entire field. (The whitened area below the lower right edge
of frame M-12 is due to a pocket of gas ¥ inch thick between
the glass window and the metal surface of the cylinder head.
This pocket, caused by the window gasket, is completely
explained in reference 5.)

At the time of writing of reference 5 the reaction occurring
during the exposure of frames M-11 and M-12 was confi-
dently believed to be the explosive knock reaction because
the projected motion pictures clearly showed that the gas
vibrations began at the same time as the whitening of the
field of view in frames M-11 and M-12. Morcover, 2
violent explosion could be observed in the metion pictures in
the general vicinity of the end gas at the same time that this
whitening occurred. A more rigid proof that blurring of
the combustion zone such as occurs in frame M-11 of figure
I-3 coincides chronologically with the onset of violent gas
vibrations will be discussed later in this paper. A discus-
sion of the nature of the reaction occurring in frames M-11
and M-12 will also appear later in the paper.
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Figvre I-5—High-speed photographs of combustion with violent knock In spark- iguition engine. Fuel, 5¢ percent 5-1 with 50 percent M-2; compwesdlon ratio, 7.0; fuel-alr ratin, abuut 0 08
stmospheric intake; one spark plug; spark timing, 20° B, T. C.
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As previously mentioned, many readers of reference 5
have been entirely unconvinced that the darkening of the
end gas prior to the development of the explosive kngck
reaction in frames M—11 and M—12 actually is autoignition.
This author has held the view that this darkening must be
regarded as autoignition because there has seemed to be
né satisfactory definition of the distinction between preflame
and flame reactions in_a gradual process occupying a total
time interval of less than 1/1000 second (frames L-1 to
M—10). In all human experience with flame the preflame
reactions have been separated from the flame reactions by
a sudden great increase in the rate of reaction, intensity of
light radiation, rate of heat release, and so on. The time
interval involved in the actual transition from preflame to
flame reactions has never been specified and has, in effect,
been regarded 2s instantaneous because of the absence of
eny method of measuring the interval. The reaction occur-
ring in frames M-11 and M—12 could be regarded as marking
the transition from preflame to flame reactions, but so to
regard this reaction would be entirely arbitrary and would
be only the result of an illogical extrapolation—an extra-
polation in the sense that we think because a sharp dividing
Iine appears to exist between preflame and flame reactions
when we “see slowly’”’ a sharp dividing line must also be
found to exist when we ‘““see fast.”

Qualitatively it could be said that any reaction is pro-
ceeding at a very high rate when it produces as much optical
change in 1/10,000 second s can be seen between the end
gas as it appears in frame M—7 and the end gas as it appears
in frame M-10. An investigation is being conducted by
G. E. Osterstrom of the NACA technical staff to determine
whether the light radiations from the end gas before the
explosive knock reaction are sufficient to be measurable.
This investigation involves taking simultaneous schlieren
photographs and direct flame photographs with a definitely
established chronological relationship of the individual
frames of one series of photographs to the individual frames
of the other series. The preliminary indicdtions are that the
radietion from the end gas prior to the explosive knock
reaction is sometimes sufficient to photograph st 40,000
frames per second with the high-speed camera. Even if the
rate of reaction, intensity of light radiation, and rate of heat
release in the end gas could be accurately determined,
however, for all of the time intervals covered by frames
L-1 to M-10, it would still not be possible to classify the
reactions as preflame or flame reagtions unless quite arbitrary
values were set for these quantities above which the reactions
would be regarded as flame reactions.

A possible logical dividing line between preflame and
flame reactions on the basis of the thermal theory of auto-
ignition is the condition of more rapid release of heat by the
autoigniting gases than normal:dissipation of heat from
those gases, at constant volume. Another dividing line,
based on the chain-reaction theory, is the condition of
more rapid formation of chain carriers by chain-branching
reactions than destruction of carriers by chain-breaking
reactions. Measurements indicate that the normal flame
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front did not make any sdditional progress into the end

gas between frames M-1"and M—10 of figure I-5. Further-
mgore, many photographs heve been obtained in which the
nérmeal flame front as seen in_the projected photographs was
actually pushed backward by the end gas & number of frames

prior to the development of the explosive knock reaction.

Because of this fact, the dividing line on the basis of thermal

theory must have been peassed at about frame M-l in
figure I-5, so that the end-gas reaction between frames

M-1 and M—10 would have to be regarded as flame reaction,
unless it is assumed that the end gas is being heated by
radiation and conduction from the burning gases more
rapidly than the average of the other gases in the chamber
including the burning gases themselves. There i3 no
indication, of course, as to where the dividing line based
on chain-reaction theory would be drawn relative to the
frames of figure I-5. '

In view of the necessarily arbitrary nature of any distine-
tion between preflime and flame reactions in frames L-1
to M-10 of figure I-5, the fact that the end gas does some-
times emit sufficient light to photograph by direct flame

" photography at 40,000 frames per second prior to the explo-

sive knock reaction, and the fact that preknock radiations
from the end gas have been photographed at a lower speed

by other investigators (reference 46), the reaction visible in

the end gas throughout frames L—1 toe M-10 of figure I-5

and similar reactions visible in other figures will be referred . .

to. throughout this paper as simply “autoignition.” The
reaction of frames M—11 and M-12 will be shown later
to be a detonation wave and may be regarded as autoignition
only in the sense that it develops during & process of auto-
ignition, and that its development meay be influenced by the
autoignition process.

The frames following M—12 in figure I-5 show the develop-
ment of an extremely brilliant, intermittent luminesity
reaching peaks in frames M-16, N-1, N-6, O-1, and so on,
and the development of an intense smoke cloud in the lower
parts of the frames of rows P, Q, and R. The brilliant
luminosity and smoke formation will be discussed further
under “Chemical Nature of Explosive Knock Reaction.”
The extremely violent vibration, or bouncing, of the gases
that is seen when frames M-12 to R—18 are projected on the
screen as a motion picture ecannot be seen in visual examina-
tion of the photographs in the printed figures. This effect
is suggestive of a pot of stiff jelly that has been severely jolted
and is characteristic of all of the photographs of knocking
combustion obtained with the high-speed camera.

Chronological relation between schlieren photographs and
records of cylinder pressure.—In the photographs of figure
I-5 the occurrence of knock is very definitely visible in
frames M—11 and M-12. In cases of much lighter knocks,
however, the occurrence of the knock may be detected in the
photographs only as a slight blurring of the dark mottled

combustion zone. This blurring is often not visible in the

printed reproductions of the photographs, because of inevi-
table loss of detail, but can be seen on careful inspection of
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the original negatives. Inasmuch as the slight blurring of
the combustion zone could not be assumed without proof to
be identical with the occurrence of knock, one of the early
investigations (reference 7) was directed toward the estab-
lishment of a definite chronological relationship between this
blur and the beginning of the violent gas vibrations associated
with knock. Incidental to this relation, some investigation
was also made into the chronological relation between the
final fadeout of the schlieren combustion pattern and the
attainment of peak pressure with nonknocking combustion.

. 28 BLANK' FRAMES _ ﬁ
OMITTED HERE

One of the high-speed photographic shots used in the estab-
lishment of the chronological relationship is reproduced as
figure I-6 of this paper (fig. 11 of reference 7). 'Three spark
plugs were used, in E, F, and G positions (sce fig. I-1), &
quartz piezoelectric pickup was used in opening J, and the
injection valve was in opening H. The spark timing st the
plugs in E and F positions was 22° B. T. C. The timing at
the plug in G position was carlier (20° B. T. C.} because it
was desired to focus the end zone at the diaphragm of the
piezoelectric pickup in opening J. and to do so required a

Freune I-6,—High-speed photographs of knocking combustion in spark-ignition engine with timing sparks in row A. Fuel, 80 percent 8~1 with 20 percent M-3; compresslon ratio, 7.4; fuel,
sir ratio, about 0.08; atmospheric htake; three spark plugs; spark timing, for Jeft-hand plug, 2¢° B. T. C.. for other two plugs, 22° B. T. O.; B, blurring caused by knoek,
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much longer travel for the flame from G position than for

the flames from E and.F positions. _The fuel was a blend of
80 percent S-1 ahd-20 percent M-2 reference fuels; com-
pression ratio 7.4; and fuel-air ratio, approximately 0.08. ~

The flames from the three igniting sparks come into view
in the frames of rows A to E of figure I-6. By the frames
of row | the flames have completely merged and have sur-
rounded a small body of end gas in the immediate vicinity
of the piezoelectric pickup diaphragm. In the first nine
frames of row J autoignition takes place in the end gas, and
in frame J-10 knock occurs, as indicated by the blurring
and lightening of the combustion zone in the region desig-
nated B.

In row A the film perforations are included in the figure,
(The perforations were trimmed from the reproductions used
for the other rows.) In the taking of the pictures the film
was placed around the inside of a drum in a continuous circle
consisting of 372 frames. Of the 372 frames, 168 are omitted
from the figure after frame J—18 (or before frame A—1 and 28
are omitted as indicated in row A. A specially designed
sperk plug in the camera produced a timing mark in the
perforation strip at frame A-10 at about the time of the
beginning of combustion. The same spark plug produced
another timing mark at frame A-2, 339} frames later, after

the combustion and knock were completed. These two.
timing sparks have been used in the determination of the .

chronological relationship between the photographs of figure
16 and the corresponding pressure record of figure 1-7.

In figure I-7 the trace designated A is an actual photo-
graph of a trace produced on the screen of a cathode-ray

" oscilloscope during the exposure of the photographs of fig-~

ure ]-6. The horizontal plates were used, as usual, to produce
a time sweep. Two independent voltages were applied to
the vertical-plate circuit: a small elternating voltage pro-
duced by a 4000-cycle-per-second oscillator, and the voltage
produced by the piezoelectric pickup in opening J of the
cylinder head. The trace designated B in figure I-7 is an
actual photograph of the trace produced on another cathode-
ray oscilloscope screen during the exposure of the photo-
graphs of figure I-6. In the case of trace B, however, only
the voltage from the 4000-cycle-per-second oscillator was
applied to the vertical-plate circuit.

The electric conduit that supplied the sparking voltages
to the spark plug in the camera was coupled capacitatively
with the vertical deflection-plate ecircuits of both oscillo-
scopes. This coupling produced the breaks designated F in
the two oscillograph traces at the time of the first timing
spark (see frame A~10 of fig. 1-6) and the breaks designated
J at the time of the second timing spark (frame A-2 of
fig. 1-6). The break designated K in figure I-7 was caused
by the first shock on the diaphragm of the piezoelectric
pickup at the time of beginning of the gas vibrations in the
combustion chamber.

The point in the high-speed camere at which the timing
marks were produced and the point in the camera at which
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the end gas was photographed are separated by a distance
of approximately 84% frames. Because of this sepa.ra,tlon,
necessﬁated by mechanical considerations, the bresks F in
the ‘oscillograph traces of figure 1-7
frames before the development of the knocking blur at B
in frame J~10 of figure I-6. Likewise, the breaks J in figure
I-7 occured 143 (not 177¥) frames after the development of
the knocking blur. In trace B of figure I-7, between breaks
F and J, 32.8 oscillator cyeles were counted (reference 7),

there were therefore ?;337985 or 10.35 motion-pieture frames

per oscillator cycle
solely because in many cases the disturbances in trace A
caused by the knocking gas vibrations were so violent that
it was not possible to count oscillator cycles between breaks
Fand Jin trace A.) Nineteen oscillator tycles were counted
(reference 7) on trace A of figure I-T between the break F
and the break K; the knocking break K therefore occurred
approximately 196% frames after the first timing spark.
This value agrees exactly with the 1961 frames that separated

£
SN

F1aGRE I-7.—Composite pressure-time and oscillator trace A and separate osclllator trace B
for combustion process of figure I-6. F, breaks caused by first timing sperk (frarme A-10 of
ig. I-8);J, breaks caused by second timing spark (frame A-2 of fg. I-6); K, break cansed by

N, .-.'::.ém

start of knock (frame J-10 of fig. I-6); plezoelectric pfekup in openingJ. (See fig. I-1.)

the first timing spark chronologically from the knocking
blur in freme J-10 of figure I-6. (The picture-taking rate is
known from camera-acceleration data to be constant within
& very small fraction of 1 percent over the period of time
involved in the determination, and the frequency of the
oscillator output is believed to be similarly constant over the
very short time interval involved.)

In eight cases with the end zone in contact with the

diaphragm of the piezoelectric pickup the knocking blur
was found, by the method used with figures I-6 and I-7, to
comncide chronologically with the start of the violent gas
vibrations within one-helf motion-picture frame. In 16
cases where the end gas was on the opposite side of the
chamber from the piezoelectric pickup, the same method

indicated that the knocking blur preceded the start of the

violent gas vibrations by 441X motion-picture frames, the
velue of four motion-picture frames being accounted for by
the time required for the knocking disturbance to travel at
the speed of sound from the end gas to the diaphragm of the
piezoelectrie pickup.

occured 196% (not 162)

(The second oscilloscope was provided -_
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FroURE 1-8.—High-speed phctographs of nonknocking combustion In spark-lgnition engine with timing sperks 1o rows D and J.

<21 BLANK FRAMES
““OMITTED HERE
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Fuel, B-1; compression ratfo, 7.4; fuel-alr ratlo, about 0.08;

atmospherfo Intake; four spark plugs; spark timing, for left-hand plug, 28° B. T. C., for other three plugs, 22° B. T. C. Frames1 to 19 seleoted as point of final fadeout of schlleren pat-
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FlaugE I-9.—Pressura-time record A for nonknocking combustion process of figure § and sepa-~
rate oscillator trace B. £ and G, breaks caused by ignition sparks; F, break caused by first
timing spark (frame J-18 of fig. I-8);J, break caused by second timing spark (frame D-12 of
fig. 1-8); H, point of peak pressure; plezoeleciric plokup in opening I. (See fig. T-1.}

A somewhat similar but less accurate method of determin-
ing the chronological relationship is illustrated by figures I-8
and I-9 (same as figs. 15 and 16 of referenco 7} as apphed
to the significance of the mottled combustion pattern in the
schlieren pictures. Figure I-8 is a shot of normal nonknocelk-
ing combustion. Engine operating conditions were the same
as with the combustion of figure I-6 except that the piezo-
electric pickup was placed in opening | (see fig. I-1) and an
additional spark plug replaced the piezoeclectric pickup at
opening J. The fuel was S-1 reference fuel. Ninety-five
frames were omitted from figure I-8 after frame J-22 (or
before frame A-1), 3 frames were lost at the splice at frame
J-2, and 61 frames were omitted as indicated in row J.
The first timing spark was exposed before the camera began
taking pictures, at frame J—18, and the second timing spark
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was exposed 549 frames later, after the camers had ceased
taking pictures, at frame D~12.

The first and second timing sparks caused the breaks F
and J, respectively, in. the pressure-time trace A in figure I-9.
With this method the 4000-cycle-per-second oscillator reedrd
was not superposed on the pressure-time record.. Only
" one oscilloscope was used. After the pressure-time record
was exposed, simultaneously with the exposure of the high-
speed photographs, the piezoelectric pickup was immediately
disconnected from the vertical-plate circuit of the: oscillo-
** scope, the 4000-cycle-per-second oscillator was connected
to the vertical-plate circuit, and a second time sweep of
the oscilloscope beam was produced, giving the trace B
in figure I-9. The trace B was used solely as a measure of
the nonlinearity of the time sweep of the oscilloscope. Lines
corresponding to constant voltage on the horizontal deflection
plates were drawn through trace B from breaks F and J in
trace A and also from the point H in trace A, which was con-
sidered to be the point of maximum pressure, as shown by
trace A. By simple proportionality the point H in trace A
-of figure I-9 was found to coincide chronologically with the
exposure of frame J—4 of figure I-8 (with due allowance for
the 34Y% frame correction previously mentioned). Tpon
careful examination of the original negatives of figure I-8,
frame [-19 was selected as the point of final fadeout of the

. ' 7 8

mottled combustion zone; the difference between times of
éxposure of frames 1-19 and J—4 is 250 microseconds, or only
0.75° of crenkshaft rotation.

In five cases similar to that of figures I-8 and I-9 the
find] fadeout of the schlieren combustion pattern in the
photographs was found to precede peak pressure by 0.3 +0.7
of crankshaft rotation. As explained in reference 7, peak
pressure and the fadeout of the schlieren combustion pattern
were so c¢lose to top center thet no correction was required
for piston motion. In 47 cases where the method of figures
I-8 and I-9 was applied to knocking combustion, with the
end zone on the opposite side of the chamber from the piezo-
electric pickup, the knocking blur was found to precede the
start of the violent gas vibrations by 846 motion-picture
frames, as compared with 4+ 1% motion-picture frames in

the 16 cases in which the method of figures I-8 and I-7 was
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used. The method of figures I-8 and I-9 is inherently less

accurate than that of figures I-6 and I-7, the principal
- sources of error probably being lack of reproducibility of the

time sweep of the oscilloscope and some slight interaction
between the vertical- and horizontal-plate circuits of the
oscilloscope. The comparison of the two methods indicates
that the method of figures I-8 and I-9 is reproducible within
+0.5° of crankshaft rotation and that it has a constant error
of about 0.6° of crankshaft rotation. Applying the indi-

o H -2 B M4 s 6 17 18

111)

FigUee I-10.—High-speed photographs of homogeneous end-gag autolgnition preceding mock in spark-ignition engine. Fuel, M-2; compression ratlo, 7.0; fuel-air ratio, about 0.08; atmos-
pheric intake; foar spark plugs; spark timing, for left-hand plag, 27° B. T. G, for other three plugs, 20° B. T. O.; A, regions where burning fs complete; B, blurring canszed by knsek.
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r1GURE 1-11.—High-speed photographs of homogeneous sutoignition throughout largs volume of end gas before knock in spark-lgnitlon engine. Fuel, M -4; compression ratie, 8.7; [uel-alr
ratlo, ebout 0.17; inlet-air temperature, 445° F; Inlet-air pressare, atmospherie; four spark plugs; spark timing, 20° B, T. C.

cated correction for the constant error results in the finding
that peak pressure preceded the final fadeout of the mottled
combustion zone by 0.34+0.7° of crankshaft rotation. The
0.7° variation from the mean is almost within the demon-
strated inacciiracy of the method. It is doubtful whether
the point of peak pressure could be selected more accurately
than within 0.3° of crankshaft rotation in traces like that of
figure I-9. o o

From the investigation summarized here (reference 7) two
conclusions appear justified: first, that the characteristic
knocking blur seen in the high-speed photographs does repre-
sent the reaction that sets up the violent gas vibrations
associated with knock and, second, that the mottled com-
bustion zone does represent continuving combustion, at least
so far as the termination of combustion is concerned. The
second conclusion as applied to combustion in a constant-
volume bomb was previously reached by Lindner (refer-
ence 85). . . o S e

Six types of end-gas autoignition.—The high-speed photo-
graphs have revcaled six different types of autoignition in
the end gas. Some of these types may be interrelated;
others seem to be quite distinct. The type of autoignition
that will occur under conditions sufficiently severe appears
to depend largely upon the fuel used, although the scope of

the investigations has not been sufficient to rule out all other
factors entirely as affecting the type of autoignition that will
occur. _Some other types of autoignition have been followed
by the explosive knock reaction in all of the NACA tests
where they occurred; other types have been followed by the
explosive knock reaction in some cases, in other cases not.

The homogeneous type of autoignition (occurring simul-
taneously and uniformly throughout the entire body of end
gas) is observed in frames L-1 to M-10 of figure I-5 and in
frames J-1 to J-9 of figure I-6. This type of autoignition
is also well shown in frames G-1 to G-11 of figure [-10, a
reproduction of figure 7 of reference 6. (Four spark plugs
were used for the combustion process of fig. I-10. The
injection valve was in position H of fig. I-1. The fuel was
M-2 reference fuel, the spark timing 20° B. T. C. for the
plugs in E, F, and J positions and 27° B. T. C. for the plug
in G peosition, compression ratio 7.0, and fuel-air ratio ap-
proximately 0.08.) The explosive knock reaction occurs in
the area designated B in frame G-12 of figure 1--10. The
white regions designated A in frame G-10 of the figure are
the regions in which combustion is complete; they should
not be confused with the end zone which is visible as a white
area in frame G-1 but which has become completely dark
in frame G-10.



NACA INVESTIGATION OF FUEL PERFORMANCE IN PISTON-TYPE ENGINES

Practically homogeneous autoignition is seen in figure I-11
throughout an end zoune very much larger than the end zones
of figures 1-5, 1-6, and I-10. The full-view combustion
apparatus was used for the photographs of figure I-11.
These photographs were obtained in a recent investigation
condueted by H. L. Olsen of the NACA techpical staff, as
were all photographs of combustion in the full-view appara-
tus presented later in this paper. Four spark plugs were
used in the combustion process for this figure; the flames
from three of the plugs made considerable progress through
the gases before the first frame of the series was taken,
whereas the flame from the fourth spark plug develops very
slowly throughout the frames of rows A to D of the figure.
The positions of the four spark plugs are shown es B, C, E,
and F at frame A—1 of the figure, corresponding to the same
lettered positions in figure I-2. The injection valve was in
position A (see fig. I-2); the fuel was M—4 reference fuel;
spark timing, 20° B. T. C.; compression ratio, approximately
8.7; fuel-air ratio, about 0.17; inlet-air temperature, 445° F;
and inlet-air pressure, atmospheric. (Fuel-air ratio was
adjusted approximately to maximum knock velue; the ab-
normally high value of 0.17 was required probably because
of incomplete fuel vaporization obtained with injection on
the compression stroke.}

l 2 3

%m-iiiéi

FievrE I[-12.—High-speed photographs of plapoint end-gas suteignition preceding knock In spark-ignition engine. Fuel, §-1 with 200 ml amyl nitrate per gallon; compression ratfo, 7.13
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More than helf the total volume of the combustion

chamber is involved in the autoignition that developed in ~

the case of figure I-11.
a wisp of mottled gas indicated by the arrow in frame C-1.

In all the frames of rows C and D mottling appears tbrough—
out the entire area of the end gas, and between frames E-1
and E-7 the entire end gas becomes very dark. The first
evidence of the explosive knock resction appears in frame
E-8 and the combustion is completed by frame F~4. The _

knock in this case was extremely heavy. The pressure-time

The autoignition is first visible as __

trace from reference 12 (not reproduced in this paper) indi-
cated a very considerable pressure rise caused by the homo- =
geneous autoignition before the development of the explosive

Inock reaction.

cases, however, the knock has been quite light in spite of 2
very large homogeneouslv igniting end zone, and cases will

Homogeneous autoignition has always beeo followed by -
the explosive knock reaction in the NACA tests.* Insome __ _

be presented in which heavy knock has developed in the

burning gases alongside of a large end-zone area in which

no autoignition has taken place.

I

A second type of end-gas autoignition, which might be h

termed “pinpoint” autoignition, is shown in figures I-12
to I-15. Figure I-12 is reproduced from reference 9. In the

203

fuel-afr ratio, abont 8.08; atmospherfe intake; two spark plugs; spark timing, at G position (fig. I-1); 27° B. T. C., at F position, 20° B. T. C.; 8, laminosity ceused by knock.

*Since the writing of this paper a photograph has been obtafned by G. E. Osterstrom, NACA, with n-heptane fuel, shywing homogeneous antsignition throughout & third of the
combast icn-chamber volome without any evidence of the explosive knock reaction efther In the photographs or in the rressure-time record.
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_ - ) ] -
Frevee I-15.—High-speed photographs of pinpoint end-gas autolgnftion followed by violent knoek In spark-Ignition engine. Fuel, 8—4; compression ratio, 9.0; fael-air ratlo, aboat 0.25; inlet-
alr temperature, 446° F; inlet-afr pressure, 18.5 pounds per square fnch absolute; four spark plags; spark f#ming, 18° B, T. C.

case of figure I-12, taken with the old combustion apparatus,
only two spark plugs fired. The spark plug in G position
(see fig. I-1) was timed at 27° B. T. C.; that in F position
at 20° B. T. C. The injection valve wasin H position. The
fuel was S-1 reference fuel with admixture of 200 ml amyl
nitrate per gallon. The compression ratio was 7.1 and the
fuel-air ratio approximately 0.08. The dark frames, D-5 to
D-16, in figure I-12 should be disregarded; their appearance
was caused by faulty processing of film. The pinpoint
autoignition begins to develop in the later frames of row F
as very small black dots distributed throughout the end gas.
Throughout frames G—1 to G—10 these black dots gradually
grow larger until they completely fill the end zone. The
explosive knock reaction is first visible at B in frame G-11
and has spread throughout the entire visible part of the
chamber in frame G-12. The knock in this case appears to
have been violent.

The combustion processes of figures I—13 I-14, and I-15
were fired in the full-view combustion apparatus with four
spark plugs timed at 21°, 18°, and 18° B. T. C., respectively.
In each case the injection valve was in position A (fig. I-2)
and the compression ratio in each case was 9.0. The inlet-
air temperatures were 425° 312°% and 446° F, and the
absolute inlet-air pressures atmospheric, 20, and 18.5 pounds
per squere inch, respectively. The fuel-gir ratios for figures
I-14 and I-15 were about 0.22 and 0.25, respectively. The

218637—55—82

fuel-air ratio for the case of figure I-13 is not known even

to an approximation, but it is thought not to be greatly

different from the values for the other figures because the
flame speeds are of the same order.

tively. In each of these three cases the pinpoint autoignition
is clearly visible in the end gas (rows D and E of fig. I-13,
rows B, C, and D of fig. I-14, and rows B to E of fig. I-15).

In many cases the first visibility of the pinpoints is indicated

by a small arrow. Careful measurements show that each

pinpoint grows at the rate that should be expected if the

flame spread out in all directions from a point origin at the
same speed as that of the normal flames traveling from the
igniting sparks. In the case of benzene (fig. I-13) the pin-

point autoignition does not result in even the slightest gas |

vibrations. The projected motion pictures appear smooth

- throughout the entire process. The combustion zone fades
out very gradually throughout the frames of rows F, G, and
.H; this very gradual fadeout is typical of nonknocking com-'

bustion and is never seen after occurrence of an explosive
knock reaction of any appreciable violence. The pressure-
time record (fig. I-16 (a)) shows not the slightest evidence
of gas vibration.
were obtained from a piezoelectric pickup in position D,
ﬁg 1-2)) In the case of triptane (fig. I-14) the develop—
ment of the pinpoint autoignition and the gradual fadeout

The fuels for the three
cgses were benzene, triptane, and S—4 reference fuel, respee- -

(All the pressure-time fraces of fig. I-16
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(a) Indicator card for ccmbustion process of figure I-18, showing hot-gas vibratlons.
(b) Indicator card for cc mbustion process of fignre I-14, showing light gas vibratlons.
(¢} Indicator card for combustion process of fignre 1-15, showing extremely violent gas
vibrations.
Figure I-16.—Pressura-time records.

of the combustion zone is quite similar to the benzene case
except that an extremely light knock develops at ahout
frame G—6. The knock at frame G-6 cannot be deteeted
by visual examination of the figure but is seen when the
photographs are projected as a motion picture. Also the
pressure-time record (fig. I-16 (b)) shows very light gas
vibrations starting at the point of peak pressure. In the
case of S—4 reference fuel (fig. I-15) the pinpoint autoignition
develops in frames B-11 to E-8 and a violent explosive
knock reaction develops in frames E-9 and E-10. Upon
careful examination unignifed end-gas areas may still Le
seen in frames E-8 and E-9. Some of these unignited end-
gas areas still appear white in frame E-10; it appears il the
gas in these regions ever burned it did so in a very short
interval relative to the photographic exposure time of 25
microseconds. The pressure-time record for the case of
S—4 reference fuel (fig. I-16 (c¢)) shows very violent knock
occurring at a time when the heat release from the normal
combustion was still rapid.

Figures I-12 to I-16 do not indicate that pinpoinf auto-
ignition is in any way related to the explosive knack reaction;
this type of autoignition may occur with or without the
explosive knock reaction and, as shown by the previous
figures, the explosive knock reaction may oceur without
pinpoint auteignition.

A third type of _end-gas autoignition, perhaps fundamen-
tally identical with honogencous aufoignition, is the two-
stage type seen in figure I-17, This combustion process was

FiavRe 1-17.—High-speed photographs of two-stage end-gas sutolgnition followed by heavy knock In spark-ignition engine. Fuel, M-4; eompresgion ratln, 7.0; inlet alr temperature,
8° F; Inlet-air pressure, atmospherie; four spark plugs; spark timing, 21° B. T. C.



NACA INVESTIGATION OF FUEL PERFORMANCE IN PISTON-TYPE ENGINES

fired in the full-view combustion apparatus with four spérk
plugs timed at 21° B. T. C. The injection valve was in
position A (fig. I-2); the fuel was M—4 reference fuel; com-
pression ratio, 7.0; inlet-air temperature, 308° F'; and inlet-air
pressure, atmospheric. The fuel-air ratio is not known but
is believed to be quite lean—near the lower limit of flamma-

bility. The'spark plug at F position (frame A~T1) apparently
did not fire. The flame from C position is quite indistinet
in the frames of rows A and B, but becomes quite sharply
defined in rows C and D. The flames from B and E positions
are sharply defined throughout rows A to D. The indistinct
appearance of the flame from C position in the first two rows
of the figure may be an indication that this flame is a border-
line case between autoignition and normal propagated flame.
A definite case of this type will be presented later in this

| g ____ -

FiGoRE I-18.—HEigh-speed photographs of rumawsy filame preceding violent knoek in spark-ignition engine. Fuel, M—4; compression ratio, 9.0; fael-afr ratfo, about 0.17; inlef-air temperatm'e,
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secure better photographs of the phenomenon because of the
danger of serious damage to the combustion apparatus.
This photographic shot was taken just after a series of shots
with straight M—4£ reference fuel. The M—4 reference fuel
was removed from the fuel system and replaced with benzene.
The engine operating conditions were then changed to values
calculated to produce extensive autoignition with straight
benzene fuel. The first combustion eycle after the change of
operating conditionsresulted in the photographs of figure I-18.
It appears that some M—4 fuel was trapped in the injection

valve and the actual fuel for the combustion process of this

figure was probably either straight M—4 or a blend of M—4
with a small amount of benzene. Four spark plugs were
used for this combustion process, timed at 20° B. T. C. The

injection valve was in position A (fig. I-2); the compression

415° F; inlet-air pressure, 15.5 pounds per square inch absolute; four spark plugs; spark timing, 20° B. T. C.

section. At abouf frame D6 in figure I-17 definite auto-
ignition begins to develop as a wisp of mottled gas, indicated
by the arrow in this frame. The wisp indicated in frame
D-6 serves 2s 2 boundary line in the following frames between
homogeneously autoigniting gases and nonautoigniting gases.
The geses to the right of this wisp autoignite in frames D-7
to E-5. The gases to the left of the wisp show no evidence
whatever of auloignition between the frames D—7 and E-5.
The gases to the left of the witp do autoignite, however, in
frames E-6 to E-8. The beginning of & violent explosive
knock reaction is apparent in frame E-O.

A fourth type of end-gas autoignition appears in figure I-18
as a wild runaway flame. Beeause of an accident the
photographs of this figure were taken under uniquely severe
conditions for the fuel used. No attempt was made to

ratio was 9.0; fuel-air ratio, about 0.17; inlet-air temperature,
415° F; and sbsolute inlet-air pressure, 15.5 pounds per
square lnch

Because of the very severe conditions the chs.rcre was __

apparently ready to autoignite at the time the camera shutter
opened for the photographs of figure I-18. The entire com-

bustion process, including the explosive kncck reaction, took _-_;_

place within 16 motion-picture frames after the camera
shutter started to open. For this reason, the frames do not
become well illuminated until about the middle of rosw B,
at which time the camera shutter was open sufficiently to
produce fair pictures. The spark-plug positions are indi-
cated at frame A-1. At frame A-7 the flames from B and
F positions are fairly visible. The flames from C and E
positions cannot be seen in the printed reproduction of
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1-19. High-speed photographs of development of preknock autoignition flame at far wall of chamber In spark-ignition engine. Fuel, 8-2 with 400 ml amyi nitrate per gallon; compres-
slon ratlo, 7.1; fuel-air ratio, about 0.08; atméspherlc inteke; one spark plug; spark timing, 20° B. T. C.
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Fireurke I-20.—High-speed photographs of wibratory combustion preceding knock In spark-ignition engine. Fuel, M-2 with 200 ml TEL per gallon; compression ratio, 7.1; fuel-alr ratio,
ahoat 0.08; atmoespheric intake; four spark plugs; spark timing, for left-hand plug, 27° B. T. C., for other three plugs, 20° B. T. C.; B, blirring caused by knock. |

frame A—7, but both of these flames can be seen on careful
inspection of the original negative. At frame B—1 the flame
from B position breaks loose and it travels all the way across
the chamber in frames B—1 to C-1 at & speed of 1900 feet
per second. The explosive knock reaction occurs after this
flame has completed its travel across the chamber at frame
C-2, as shown by the sudden whitening of the entire chamber.
In frame B—7, after the runaway flame has nearly completed
its travel across the chamber, the flame from E position may
be clearly seen still apparently under complete control.

When the photographs of figure I-18 are projected as a
motion picture the phenomenon seen in row B of the figure
has every appearance of & very fast propagated flame. On
close inspection of the stilt photographs, however, it is found
that the leading edge of this flame is never sharply defined
and the phenomenon appears to be in fact a multistage
autoignition process, similar to the phenomenon of figure I-17
but occwrring in many more than two stages. This phe-
nomenon is regarded as & borderline case between homoge-
- neous sutoignition and a detonation wave. The occurrence
of the explosive knock reaction at frame C-2 of the figure
will be further discussed in a later section.

A fifth type of end-gas autoignition is shown in figure I-19,
same as figure 13 of reference 9. This combustion process

was fired in the old combustion apparatus with one spark

plug in E position (ﬁg I-1) timed at 20° B. T. C. The .
injection valve was in H position, the fuel was $-2 admixed

with 400 mi amyl nitrate. per gallon, compression ratio 7.1,

and fuel-air ratio about 0.08. In this case the autoignit—ion
occurred as & flame developing at the far wall of the chamber
and propagating out from the wall to meet the spark-ignited
flame. A slight mottling near the far wall of the chamber
(lower edge of the chamber as seen in the photographs)
develops in the frames of row K of the figure. Also, in the
later frames of row K, a few centers of pinpoint autoignition
develop near the far wall of the chamber. In the frames of
row L additional pinpoints of autoignition develop and a
definite flame propagation begins te proceed out from the
far wall. This orderly autoignition-flame propagation pro-
ceeds throughout the entire end gas in the frames of row
M, and in the frames of row N the mottled combustion zone
gradusally fades out. When the photographs are observed
as motion pictures only & very light explosive knock reaction

is seen in the frames of row N; this reaction is so light thatit

cannot be identified as being associated with any particular

motion-picture frame. The type of autoignition shown in .

figure T-19 may be a special case of pinpoint autoignition.

The sixth type of autoignition, an example of which
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Fi1URE I-21.—Apparent flame-front velocities daring period of preknock vibration in spark
{gnition engine.

occurred in the combustion process.of figure 1-20, is detect-

able only through the slight preknock vibration which it
imparts to the gases.
2 of reference 9. For this combustion process four spark
plugs were used, timed at 20° B. T. C.in E, F, and J positions
(fig. I-1) and at 27° B. T. C. in G position. The injection
valve was in H position, the compression ratio was 7.1, and

the fuel-air ratio about 0.08. The fuel was M-2 reference .

fuel with an ‘extremely high concentration of tetraethyl
lead—200 ml per gallon. Some pinpoint autoignition may
be seen in the photographs, originating at centers indicated
by the arrows at frames F-10 and F-14. No ather visual
evidence of autoignition. appears, however, and when the
explosive knock reaction begins at B in frame G-7 some
apparcntly unignited end gas is still visible at the Jower right
corner of the chamber. In the original work (reference 9)
flame areas were measured on greatly enlarged copies of
the individual frames of the figure with a polar planimeter.
The results showed that the end gas suddenly expanded at

Apporent fh

Figure I-20 is a reproduction of figure .

REPORT 1026—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS -

about frame E-1 of figure 120, and thati between frames
E-1 and G-7 at least three cycles of vibration of the gascs
occwrred. The measurements indicated that the amplitude
of the vibrations did not increase (in fact, usually diminished)

e AT I T L L . P .- - PR
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LR e

Fiaurx I-22.—Actual pressure-time records showing increase in number of eyeles of preknock
vibration with Increasing tetraethyl lead concentration iu fuel,
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after the first cycle, from which fact it was coneluded that
a mild explosive resction occurred in the end gas at about
frame E-1. When the photographs of figure I-20 are pro-
jected as a motion picture, four cycles of vibration of the
gases are easily observed before the explosive knock reaction
at frame G—7; they are observed as a backward and forward
motion of the flame fronts.

Figure I-21 shows the preknock vibration determined
from planimeter measurements of flame areas for different
concentrations of tetraethyl lead. A similar veriation in
number of cycles of preknoeck vibretion with varying tetra-
ethyl lead concentration is shown by the actual pressure-
time records of figure I-22, obtained with a piezoelectrie
pickup in opening ! of the eylinder head (fig. I-1). The time
interval involved in the preknock vibration was found to
increase linearly with the tetraethyl lead concentration up
to 200 ml per gallon, the highest concentration used.

Ezplosive knock reaction without end-gas autoignition.—
Many high-speed photographs have been obtained like the
ones of figure I-23, in which the end ges appeared to be
entirely consumed by the normal flames some time before
the occurrence of the explosive knock reaction. Tuis figure
is a reproduction of figure 6 of reference 6. Four spark
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plugs were used for this combustion, timed at 20° B. T. C.

at E, F, and J positions (fig. I-1) and at 27° B. T. C. at___

G position. The injection valve was at positien H, the
fuel was a blend of 50 percent 95-cctane gasoline with
50 percent M-2 reference fuel, compression ratio 7.0, and
fuel-eir fatio about 0.08. The last visible end gas disappears,
because of normal flame travel, at about frame G-17. The

explosive knock reaction occurs at B in frame H-7, 11 frames

after the disappearance of the last visible end gas. Other
pbotographs have been obtained in which & mild explosive
knock reaction occurred not only after the disappearance of
the last visible end gas but even after the entire schlieren
combustion pattern had almost faded out (reference 6). _
The cases cited are not good proof that the explosive

knock reaction can occur without autoignition because of the

possible existence of unignited gas pockets in front of or be-
hind the burning gases; such pockets could, of course, not
be seen in the photographs. Photographs have been ob-

tained, however, in which unignited end gas may actually be

seen at the time the explosive knock reaction occurs and the
unignited end gas does not appear to play & part in the ex-

Py

plosive knock reaction. Comment has already been made
concerning the presence of unignited end gas in one part of

FigurE I-28.—High-speed photographs showing apparent complete merging of flames before knock in spark-tgnitio& engine. Fuel, 50 percent 95-octane gasoline with 50 pexcent M-2; come

R — )

pression ratio, 7.0; fuel-air rado, about 0.08; atmospheric infske; four spadk plugs; spark timing, for lefi-hand plug, 27° B. T. C., for other three plogs, 20° B. T. C.; A, completfely burned

reglons; B, blurring caused by knock.
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Freure I-24.—High-speed photographs of oceurrence of violent knock in spark-ignition engine while unignited end gas is still visible. Fuel, 8—4; compression ratio, 9.0; fucl-alr ratlo, about 0.13;
Inlet-air temperature, 310° F; inlet-air pressure, 15.56 pounds per square inch absolate; four spark plugy; spark timing, 18° B. T. Q.

frame G-7 of figure I-20 at the same time that the ex-
plosive knock reaction begins in another part of the same
frame. A more striking example of this phenomenon ap-
pears in figure I-24. Four spark plugs were used in the case
of figure I-24, timed at 18° B. T. C. The injection valve
was in position A (fig. I-2); the fuel was S—4 reference fuel;
compression ratio, 9.0; fuel-air ratio, about 0.13; inlet-air
temperature, 310° F; and absolute inlet-air pressure, 15.5
pounds per square inch. In frame F-2.of this figure a fair-
sized white unignited end zone is visible, slightly below the
center of the chamber, roughly in the shape of & T lying on
its side. The explosive knock reaction begins in frame
F-3, as indicated by the blurring of the dark mottled com-
bustion zone. This dark mottled combustion zone -en-
croaches somewhat upon the unignited end gas in frame
F-3, but most of the end gas visible in frame F~2 remains
unignited in frame F-3 in spite of the effect of the explosive
knock reaction on the actual combustion zone in frame F-3.
Moreover, the end gas that appears white and unignited in
frame F-3 still appears white in frames F—4 and F-5, in
which the explosive knock reaction is completed. If this
body of end gas ever did burn it must have done so in & time
interval much shorter than the 25-microsecond exposure
time of the individual frames of the figure, or it would have

shown the characteristic dark mottled appearance of burn-
ing gas in one of the frames of the figure.

The appearance of frames F-2 to F-5 of figure I--24 indi-
cates that the explosive knock reaction developed in the
dark mottled combustion zone and that its effect on tho
unignited end gas, if it had any such effect, was only inci-
dental. In reference 7 it was concluded that the explosive
knock reaction develops only in gases that have been pre-
viously ignited either by normel flame travel or by auto-
ignition. Photographs were presented in the same paper
indicating that the origin of the explosive knock reaction
was not necessarily in the same location as the last gas to be
ignited. .

Physical nature of explosive knock reaction as 1nd1cated
by high-speed photographs.—From a study of photographs
taken at 40,000 frames per second the author of this paper
has concluded (reference 10} that the explosive knock re-
action 18 a type of detonation wave traveling through the
unburned, or incompletely burned, gases at a speed ranging
approximately from one to two times the speed of sound in
the burned gases. An example of a detonation wave moving
at a speed twice that of sound in the burned gases is found
in frames M-11 and M-12 of figure I-5. As previously
noted, the explosive knock reaction in this case is first visible
as a white streak along the lower right edge of frame M-11
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and as a slight blurring of the combustion zone in the same
frame. The next frame, M-12, has been rendered white
throughout by the knock reaction. As explained in refer-
ence 10, it is believed justifiable to disregard the blurring of
the mottled combustion zone in frame M—11 and to use the
appearances of brilliant Iuminosity as a measure of the speed
of the knock disturbance. On such a basis, the superficial
impression obtained from frames M—11 and M-12 of figure
I-5 is that the knock disturbance started at the lower right
edge of the chember and spread very rapidly throughout
the charge from the point of origin. When the photographs
are analyzed, however, with proper allowance for the focal-
plane-shutter effect of the camera (reference 1), it is found
that the travel of the knock disturbance as shown by frames
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tive to the combustion-chamber image as the leading edge
of the focal-plane-shutter slit of the camera exposing

frame M-12.

~Figures I-25 and I-26 are reproductions of portions of a
motion-picture animation (reference 12) created for the pur-
pose of demonstrating the manner of exposure of frames
M-11 and M-12 of figure I-5. Figure I-25 shows this

author’s conception of what actually happened during the . .

exposure of the two frames. In this figure the focal-plane

shutter is assumed to have been removed from each of the

still eameras.
have been seen on the film in each of the two camerss if the
film and the image appearing upon it could have been photo-
graphed at the rate of about 180,000 frames per second.

= ..
s

FiovRE I-25.—Animation showing detonation-wave travel as it might appesr on film i two stili cameras If film and image were photographed at about 180,000 frames per second. Develop-
ment of detonation wave in frames B-2 to B-8 of this fignre corresponds chronologically with exposare of frames M-11 and M-12 of figure I-5.

M—11 and M-12 was actually in 2 direction opposite to the
superficially apparent direction.

An optical effect equivalent to that of the high-speed
camera would be obtained if frames M-11 and M-12 of
figure I-5 were exposed by two independent still ecameras
using focal-plane shutters, provided the following three con-
ditions were satisfied: first, the width of the slit aperture
in each of the focal-plane shutters must be equal to half the
frame spacing, or about 7/10 the width (not the length) of
the combustion chamber as seen in the photographs, second,
each focal-plane-shutter slit must travel a distance equal
to its own width in 1/40,000 second in a direction from Ieft
to right, as seen in figure I-5 (that is, in the direction away
from the previously exposed frames toward the frames yef
to be exposed as seen in the figure}, and third, the trailing
edge of the focal-plane-shutter slit of the cemera exposing
frame M-11 must at &ll times be in the same position rela-

The frames are arranged in three rows of eight frames each.
Each frame includes two images of the combustion chamber;

the Iower of the two images is the one seen on the film in ]

the camera exposing frame M—11, the upper of the two
images is the one seen on the film in the camera exposing
frame M-12. Inasmuch as the focal-plane shutters have
been removed from the cameras, and the cameras are still
cameras of the most elementary type. the same image ap-
pears on the film in both cameras at all times. Throughout
the frames of row A aond the first frame of row B the film in

each camera is being exposed to an image just like that of

frame M-10 (fig. I-5), At frame B-2 (fig. I-25) a detona-
tion wave originates at the lower left corner of the visible
portion of the chamber as indicated by the two white arrows
in this frame. This wave travels across the chamber through
the dark mottled combustion zone as seen on the film in
each of the two cameras between frames B—2 and B-8. (The

The frames of the figure show what would
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detonation-wave front has been made straight for simplicity
of construction of the animation; approximately the same
effect would have resulted if the detonation-wave front had
been spherical.) The gases behind the detonation-wave front

are, of course, incandescent and the entire area that was

formerly the dark mottled combustion zone consequently ap-
pears brilliant white in all of the frames after the detonation-
wave front has completed its travel (frames B8 to C-8). .
Figure 126 is an animation of the same kind as figure
1-25 but shows the motion of the focal-plane shutter in each
of the two cameras as well as the progress of the detonation
wave. In frame A-1 of figure 1-26 the focal-plane-shutter
slit that will provide the exposure for the lower photograph
(frame M-11 of fig. I-5) may be seen just to the left of the
combustion-chamber image as a tall narrow-rectangle. Part
of the focal-plane-shutter slit of the upper camera may also
be seen in the upper part of frame A-1, with its leading edge
exactly in line with the trailing edge of the focal-plane-

shutter slit of the lower camera. Throughout the frames of

row A the two focal-plane-shutter slits may be seen to move
from left to right relative to the combustion-chamber images.

The lower focal-plane-shutter slit begins to pass across the
lower combustion-chamber image at frame A-5. In_ this
same frame the trailing edge of the lower focal-plane-shutter
slit and the leading edge of the upper focal-plane-shutter

slit are each indicated by a white arrow and will be seen to
be in line with each other as in all other frames of the figure.
The focal-plane shutters are assumed to be constructed of a
dark material that does not reflect light well; the combustion-
chamber image consequently appears gray in all areas where
it falls on the focal-plane-shutter material. In frames.
A-5 to A-8, however, part of the light that forms the lower
combustion-chamber image passes through the focal-plane-
shutter slit and falls on the photosensitive film; this film,
being a bright material that reflecta light well, causes the
pert of the image formed upon it to appear brilliant white in
the animation. Hence, in frames A-5 to A-8 the brilliant
white part of the picture shows the portion of the lower image
uncovered by the focal-plane-shutter slit at each instant,

The lower focal-plane-shutter slit continues to pass across
the lower combusion-chamber image from left to right in
frames B—1 to B-8. At frame B-8 this slit has passed all the
way across the lower image and the exposure of that image is
completed. The upper focal-plane-shutter slit begins {o
pass across the upper combustion-chamber image at frame
B-2, with its leading edge still exactly in line with the trailing
edge of the lower focal-plane-shutter slit. The upper slit

completes its travel across the upper combustion-chamber
image at frame C-5, at which time the exposure of this
image is complete.

FI16CRE I-28.—Anlmation showlng travel of both detonntion wave and focal-plane-shutter sereen in two stil} camerss as they might appear if photographed at aboug 180,000 [rames par seoond.
Frames B-2 to B-8of this figure correspond chronologically with expesure of frames M-i1 and M-12 of figure I-5.
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In frames B-2 to B-7 of figure I-26 the detonation-wave
front may be seen traveling across the upper combustion-
chamber image first just & little behind (as indicated by upper
white arrow in frame B-2) and later just a little ahead of .the
leading edge of the upper focal-plane-shutter slit (as indicated
by the white arrows in frames B-5, B-6, and B-7), but always
quite close to the leading edge of the upperslit. In the same
frames (B-2 to B-7) the detonation-wave front may be seen
traveling across the lower combustion-chamber image at all
times quite close to the trailing edge of the lower focal-plane-
shutter slit, first & little behind (as indicated by lower white
arrow, frame B-2) and later a little ahead (as indicated by
black arrows in frames B-5, B-6, and B-7). As both lower
and upper combustion-chamber images (frames M-11 and
M-12 of figure I-5) are exposed entirely by light that passes
through the upper and lower focel-plane-shutter slits,
respectively, during their travel across the images,.it is clear
from frames B—2 to B—7 of figure I-26 that the upper image
(frame M~-12 of fig. I-5) when finally developed, will show
incandescence over the entire area of the combustion chamber,
whereas the lower image (frame M-11 of fig. I-5) will in the
main show the same dark mottled combustion zone that is
seen in frame M-10 of figure I-5. The only effect the
detonation wave will have upon the lower combustion-
chamber image (frame M—11 of fig. I-5), as finally developed,
will be produced by that part of the detonation wave which
travels across the chamber ahead of the trailing edge of the
lower focal-plane-shutter slit in frames B4 to B—7 of
figure I-26. Examination of frames B—4 to B—7 shows a very
small triangular region of luminosity of gradually increasing
size (indicated by black arrows in frames B-5, B-6, and B-7)
progressing elong the lower right edge of the chamber from
left to right. This very small triangular area of Iuminosity
would, in the final developed photograph, produce the white
streak along the lower right edge of the chamber, with
gradually increasing brilliance toward the right, t}.mt is
observed in frame M—11 of figure I-5.

In the exposure of frames M—11 and M—12 of figure I-5,
the focal-plane-shutter slits moved at a speed of 256 feet
per second. The linear dimensions of the actual combustion
chamber were 21.5 times as large as those of the combustion-
chamber image formed on the film. The detonation wave
that produced the effect seen in frames M—11 and M-12 of
figure I-5, in the manner illustrated in figures 1-25 and 126,
must, therefore, have traveled across the combustion chamber
at a speed greater than 6500 feet per second (with due allow-
gnce for the fact that the detonation-wave front traveled
in a direction at an angle to the direction of motion of the
focal-plane shutter.)

If the explosive knock reaction had oceurred simultaneously
throughou t the end gas, as commonly supposed, its luminosity
would simply have recorded the relative positions of the
frailing edges of the upper and lower focal-plane-shutter
slits, consequently the luminosity as seen in frame M-12
of figure I-5 would have extended farther to the left than
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the luminosity as seen in frame M-11 by an amount not
greater than the width of the focaI-pIane-shutter slit.

The _-_

“fact that the luminosity visible in frame M-12 extends to

the left of the luminosity visible in frame M—11 by an amount
greater than the width of the focal-plane-shutter slit pre-
cludes the possibility that the luminosity developed simul-
taneously throughout the chamber. No satisfactory ex-

planation of the appearance of frames M—11 and M-12 of

figure I-5 has been advanced other than the expla.na,tmn
illustrated in figures I-25 eand I-26. If due counsideration is

given to the fact that the luminosity visible throughout

frame M-12 is quite uniform, and is less than the saturation
limit of the photosensitive film, it would seem that each part

of freme M—12 must have had sbout the same exposure to

the detonation luminosity and the conditions governing the

exposure of the two frames (M-11 and M-12) would, there- _

fore, seem to be mathematically determinate. For these
reasons the author believes that the explanation illustrated

- —

in ficures I-25 and I-26 is the enly reasonsable explanation —

of the appearance of these frames.

The effect of the focal-plane shutters of the high-speed
camers on apparent velocities of detonation waves is easily
shown (reference 10) to comply with the following equation:

v 'ET (4
V=v-[—V’ cos
where V is the actual speed of the wave, z the speed of the
focal-plane shutter slits, 17" the apparent velocity of the wave
(progress of the wave between two successive frames, as
recorded photogra,ph.icallv, divided by nominal time between
exposures of the successive frames), and « the angle between

the direction of motion of the detonation-wave front and the

direction of motion of the focal-plane-shutter slits. (Due
regard must be had for the signs of V, V’, and «, as explained
in reference 10.) Application of this equation to the case of
figure I-27 has given propagation speeds in the neighborhood
of 4500 feet per second to the points p;, P2, . . . Ps from the

|

point of origin of the knock disturbance (calculated to be ___ 

at the intersection of line C—C with lines C'—C’).
is the same as fig. 7 of reference 10.
graphic series and complete treatment are presented in the
original paper.
combustion process also appears as fig. 8 in reference 5.
The engine-operating conditions for this figure were the same |
as for fig. I-4 of the present paper.)

No correcting equation is required to determine the true

detonation-wave velocxty from figure I-28, because the front o

of the detonation wave may be loeated in three successive
frames of this figure at points pir, D1, and py, (wave front
position indicated by a bright spot at p) along a line D-D,
which is at right angles to the direction of motion of the
focal-plane shutter. The complete treatment of this case"
(reference 10) yields a value between 3250 and 3400 feet
per second for the speed of the detonation wave.

(Fig. I-27
The complete photo-

The complete photographic series of this

(Fig. I-28
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F16URE I-37.—High-speed photographs of development of Incandescent spots cansed by detonation wave in knockIng spark-ignition engine. Fuel, 50 percent 8-1 with 50 percent M-2; com
pression ratlo, 7.0; fuel-sir ratio, ebout 0.08; atmospheric inteke; apark plug at top; hot spot at bottom; spark timing, 20° B. T. C.; detonation-wave speed, ahout 4500 feet per second.

T

c-3

C-5

Cc-6 c—7

F1aURE I-28.—High-speed photographs of development of luminous area and incandescent spots cgused by detopation wave In knocking spark-tgnition engine. Fuwl, M-1; compression ratlo,
7.0; fuekalr ratio; about 0.08; atmospherio {ntake; foar spark plugs; spark timing, for left-hand plug, 27° B. T. C., for other three plugs, 20° B. T. O.; detonatlon-wave speed, about 3300 feet

per second.

is the same as fig. 13 of reference 10.
of the series are shown in fig. 12 of that paper as well as in
fig. 10 of reference 8. The engine-operating conditions were
the same as for fig. I-10 of the present paper except that
M-I reference fuel was used.) _
Application of the correcting equation to the explosive
knock reactions seen in frame G—12 of figure I-10 and frames
G-11 and G~12 of figure I-12 has yielded values in the
neighborhood of 6000 and 3600 feet per second, respectively
(reference 10). The correcting equation, as well as the
guelitative treatment illustrated in figures I-25 and I-26,

Additional frames,

yields a value of about 7300 feet per second for the reaction
that occurred between frames C-1 and C-2 of figure I--18
after the runaway flame had completed iils travel across the
chamber. Between these two frames the entire combustion
chamber changed from & fairly uniform, dark mottled con-
dition to a fairly uniform white condition. (This change
was more evident on’ the original negative than it is in the
printed reproduction. The entire series of photographs was
badly underexposed and in copying some of the contrast
between frames C~1 and C-2 was lost in order that the frames
of rows A and B might be brought out more clearly.) "A
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uniform change throughout the combustion chamber from
a dark mottled condition to a white condition between one
frame and the next corresponds to an infinite apparent
detonation-wave speed, that is, an infinite value of V’.
With an infinite value of V” the correcting equation indicates
that the actual detonation-wave velocity is equal to the
focal-plane shutter velocity, and in the same direction.
Consideration of figure I-26 indicates that a uniform change
throughout the combustion chamber would be produced if
the detonsation wave traveled across the chamber in the same
direction and at the same speed as the focal-plane-shutter
slit rather than at a slight angle to the direction of motion
of the slit and &t a slightly higher speed. (The white streak
along the lower right edge of the chamber in frame M-11 of
fig. T-5 would have been absent if the detonation-wave front
had not overtaken the trailing edge of the lower focal-plane-
shutter slit at about frame C-19 in fig. I-26 and had not
traveled across the chamber slightly ahead of this trailing
edge in frames C-19 to D-21; the combustion zone would
have been uniformly dark in frame M-11 (fig. I-5) and uvni-
formly white in frame M-12.) For the case of figure I-18
the focal-plane-shutter slits traveled at 251 feet per second
in a direction approximately opposite to the travel of the
runaway flame in frames B-1 to C-1. The actual linear
dimensions of the combustion chamber were 29.2 times as
great as the dimensions of the combustion-chamber image.
The appearance of figure I-18, therefore, indicates that after
the runaway flame completed its travel through the end gas
in one direction at about 1900 feet per second a detonation
wave passed through the gas in the opposite direction at
about 7300 feet per second.

Confirmation of detonation-wave aspect of knock by ultra-
high-speed photographs.—Only one motion picture of the

knock phenomenon taken with the ultra-high-speed camera

(reference 3) is available. This one motion picture, however,
taken at the rate of 200,000 frames per second, is confirma-
tory of the conclusions reached from study of the high-speed
photographs taken at 40,000 frames per second. It has not
been possible to take more than a very few photographic
shots with the ultra-high-speed camera because the high-
speed rotating part of the camera, operating in & high vacuum,
spatters oil on the 94 glass lenses of the camera to such an
extent that the lenses become inoperative after only a few
runs. Of 5 or 6 shots that were actually taken at 200,000
frames per second, only one happened to be taken at the
right time to cover the knock phenomenon. Further devel-
opmental work on the ultra-high-speed camera, which is still
proceeding, has been directed toward elimination of the
oil-spattering problem.

The ultra-high-speed photographs are shown as a series
of 20 still pictures in figure I-29. The combustion process
for this series of photographs was fired in the old combustion
apparatus with one spark plug in G position (fig. I-1), at

493
27° B. T. C. - The injection valve was at opening J (fig. I-1);

the fuel was & blend of 70 percent S-3 with 30 percent M-2-
reference fuels; compression ratio, 7.0; and fuel-air ratio,

sbout 0.08. F1gure 129 was prenously published as figure4

in reference 11 and was discussed in that paper more exten-
sively than it will be here.
Before frame A—1 of figure I-29 was exposed the flame had

traveled all the way across the chamber in the direction of

the arrow that has been drawn in this frame. The whitish
area in frames A—1 to A5, designated B in frame A-3, rep-
resents the region in which combustion is complete. The

dark (nearly black) areas in these frames, designated F in

frame A-3, are the dark mottled combustion zone that has

become quite familier in the high-speed photographs of the
earlier figures. The series of figure I-29 did not begin early

enough to determine whether any autoignition occurred in
this combustion process, but at least at the time of exposure

of frame A—1 the entire charge was ignited with the exception '
The

of possible small pockets in front of or behind the flame.
boundary between the dark and the light areas, designated
R inframe A—2 of the figure, is the rear edge of the combustion
zone—not the flame front.

The ultra-high-speed camera does not have the focal-
plane-shutter effect of the high-speed camera, but has in
The

effect a conventional between-the-lens type of shutter.
exposure time of each frame is roughly the same as the time
between successive frames, 5 microseconds, although there is
a slight overlapping of exposures, as specified in reference 11.

The series of figure I-29 is, therefore, truly representative .

of events as they occurred in the combustion chamber.

Examination of frames A-1 to B-1 of the figure reveals no

appreciable change of conditions. Frames A-2, A—4, and
B-1 are much more sharply defined than frames A-1, A-3,
and A-5. 'This effect, however, is introduced by the camera
and has no significance relative to the burning processes.
This alternate blurring of frames can be eliminated in further
work with the camera. The first significant change in
appearance of the photographs occurs in the area desig-
nated by the two arrows in frame B-2. This light area is
not present in any of the preceding frames. If this area in
frame B—2 is compared with the same ares in frame B-1, more
difference will be noted than in a like comparison of frame

B-1 with frame A—1, five frames preceding. In frames B-3~

and B4, the effect of the knock spreads considerably in all o
directions from the point of origin. The location of the

point of origin at the rear edge of the combustion zone is
strikingly confirmatory of the conclusion reached, from study
of the 40,000-frame-per-second photographs that the ex-

plosive knock reaction apparently originates in the burning

gases rather than in the unignited end gas.
Frames B-1 to B-5 of figure I-29 are reproduced in figure
I-30. In figure I-30, however, & biack line (Rg—) has been

drawn in frame B-1 reinforcing the boundary line between



494 : . REPORT 1026—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

5 |

Fi1GURE I-28.—Ultra-high-speed photogrephs (200,000 frames per sec) of phenomenon of knoek in spark-ignition englne. Fuel, 70 peroont 8-8 with 30 percent M-3; comprossion ratlo, 7.0; fued .
alr ratio, about 0.08; atmospherlec intake; one spark plug In G position (g. I-1); spark timing, 27° B. T. C.
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the dark combustion zone on the right and the white burned
region on the left. In frames B-2 to B-5 of this figure the
same black line has been constructed in each frame, not
marking the boundary between burned and unburned as it
appears in frames B2 to B-5 but the boundary asit appeared
in frame B-1. In each of the frames B-2 to B-5 two hori-
zontal black lines have been drewn marking the upper and
lower extents of the knocking reaction in each frame as
indicated by the whitening of the combustion zone to the
right of the boundary line Rg_;. Distances between the
horizontal lines have been designated in each frame as I, f;,
and so on. Treating the difference between successive
values of ! as representing the combined upward and down-
ward travel of the knocking disturbance between successive
frames (}, assumed equal to zero), the following values have
been obtained for the speed of the knoek disturbance ac-
cording to the equa.tion:

=4
5X10~°
Telocity of knocking
disturbance

Frames (fifsec)
l1to 2 . 9200
2t0o 3 . 4200
3tod - 6900
4to 5 . 1200

The average of the first three values is nearly 6800 feet
per second, which is of the same order as the higher speeds

BLg

-3
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determined from the high-speed photographs and the speed
of 2000 meters per second determ.med by Sokolik and
Vainov in reference 18.

After frame B—4 of figure I-29 the ultra-hxgh—speed photo-
graphs no longer show a high speed of propagation of the

knock reaction. The portion of the black combustion zone

that is still visible in frame B-5 gradually disintegrates

throughout the frames of rows C and D, leaving a great

many black dots and streaks, which will be discussed later.”

It is thought either that the areas that still appear black in
frame B-5 represent gases that were not in a sufficiently
advanced state of combustion to be detonable or that they
represent a high concentration of carbon particles resulting
from the knock reaction.

Chemical neture of explosive knock reaction.—The hlgh-'

speed and ultra-high-speed photographs, because of their

inherent nature, should not be expected to yield much in-

formation concerning the chemical nature of the explosive
knock reaction.
ever, that may be of the most fundamental importance rela-
tive to the chemical nature of the reaction; first, the indica-
tion that the reaction results in a definite loss of chemical
energy that would otherwise be available, and second, the
indication that free carbon is released by the explosive knock
reaction. Both of these indications forcibly recall the opin-
ion expressed by Midgley in 1920 (reference 14) that the

Two indications have been obtained, how-

knocking detonation wave burns only the hydrogen in the

hydrocarbon molecule and releases free carbon.

: ¥ AL
Fi1GCcRE I-30—Frames from fignre I-29 outlining actual detonstion-wave travel. Detonation-wave speed, ehout 6200 feet per sacond both upward and downward from point of origiu. o



596 REPORT 1026—NATIONAL ADYISORY COMMITTEE FOR AERONAUTICS

Triptene +<4 mi TEL[gal

—— A & T M. Supercharge
performance number

-——— A. 8. T'M. Aviction
performance number

%R

AN KX
Weses YA

A/ky/afe/ i X X\ \ \( Dhsqafqoyl
+4 mf

TEL [aal /40 170 80 190 200 TEL af
fga A S TM Supercharge performance number /g

(b) Blends of triptane, aviation alkylate, difsopropyls and lsopentane.

el

F1eurE VII-18.—Continned. Blending charts for quaternary blends by A. 8. T. M. Aviation and A, 8. T. M. Supercharge methods. Reld vepor pressure, approximately 7 pounds per

aquare inch; A. S, T. M, Supercharge fnel-air ratfo, .11 (Flg. 12 of reference 12.) Perceéntage isopentans can be determined by subtracting sum of percentages of other components
fram 100.

Triptane +<4 ml TEL[gal

—— A. 8. T M. Supercharge
perfaormance number

=== A. S T.M. Aviafion
performance nurber

@ 7 S
Hoz‘-ac;docfaneéM ./ \/ y /\/ M \ /\ /\/\ A Dnsoprapy/
1 /16C Zcc

Tt fgof TEL/qa/

A. 8. T M Supercharge per-fOr-marzce number
(c¢) Blends of triptane, hot-acid octane, difsopropyl, and isopentane.

FIGTRE VIII-18—Continued. Blending charts for quaternery blends by A. S. T. M. Aviation and A. 8. T. M. Supercharge methods. Reid vapor pressure, approximately 7 pounds per
square fnch; A. §. T. M. Supercharge fuel-air ratfo, 0.11. (Fig. 12 of reference 12.) Percentage isopentane can be determfned by subtracting sum of percentnges of other components
from 100.



NACA INVESTIGATIOX OF FUEL PERFORMANCE IN PISTON-TYPE ENXGINES

&

e

Frcure I-32.~High-speed photographs showing formation of black carbon cload Immediately after knock in spark-ignition engine and later revarsal of carbon cloud from black to white. Fuet,
M-1; compression ratio, 7.0; fnel-afr ratlo, ahout 0.08; atmospherie Intake; four spark plugs; spark timing, for lefi-band plug, 27° B. T. C., for other three plugs, 20° B.T. C.

between frames A—1 and C-3. The explosive knock reaction
begins at frame C—4, as indicated by blurring of parts of the
mottled combustion zome. A large black spot is very
ovident in fremes C-7 to C-13 of the figure. Careful
inspection of frames C-5 and C-6 reveals that this black
spot was beginning to develop in these frames. Between
frames D—1 and D—4 the black spot becomes incandescent; in
frame D—4 most of the spot is sufficiently ineandescent to
match the other parts of the combustion chamber. (Non-
uniform illumination of the chamber by the externally
supplied light is the probable reason why the lowest 20 per-
cent of the chamber is much less brilliant than the upper
parts of the echamber in these frames.} In frames D-5 and
D—6 the formerly black spot becomés sufficiently incandescent
so that it stands out whiter than the surrounding gases.
Between frames D—6 and F-13 parts of this formerly black
spot become more and more white as compared with the
other gases in the chamber; other parts of the spot apparently
cool again and become dark. There is, of course, some
gradual change of shape of the spot throughout these frames.

Frames D-6 to about F—8 of figure I-82 have been re-etched

by the engraver to bring out the whiteness of the carbon
cloud in contrast with the surrounding gases that are only
slightly less white. This re-etching has been done only in
order to make the printed reproduction look as nearly as
possible like the original untouched photograph in print.
Similarly, it was necessary to re-etch several other illustra-
tions to emphasize details that are clearly visible in the
photographs but that would have been quite hazy because
of the half-tone screen used in the engraving process.

The small spots seen in figures I-27 and I-28, and the
large spot in figure I-32, are probably not the only

aspect of the free carbon released by the explosive knock™

reaction. Most of the photographs of heavy knock have

shown & very great increase in the general luminosity of the

chamber at the time of the explosive knock reaction, amount-
ing in many cases to perhaps a hundredfold imcrease. This
uniform increese in luminosity is probably due to finely
divided free carbon. The change is by no means limited to
the end gas; it appears to occur throughout the chamber and,
if it is concentrated snywhere, it is concentrated at the
chamber walls rather than in the end gas. This fact,
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together with certain other features of figure I1-29 (sec
reference 11), suggests that the explosive knock reaction
may travel through the burned gases in the same manner as
the burning gases; such a revolutionary conclusion probably
should not be taken very seriously, however, until consider-
ably more evidence is available.

Summary of findings of NACA photographic knock in-
vestigations.—The findings of the NACA photographic
knock investigations at speeds of 40,000 and 200,000 frames
per second over the period from 1939 to 1946 may be sum-
marized as follows:

1. The photographs have shown that normal nonknocking
combustion involves an entirely smooth travel of the flames
through the combustion chamber and a smooth gradual
fadeout of the combustion zones after completion of the
flame travel through the chamber.

2. The photogmphs have indicated that normal com-
bustion involves a zone of continuing combustion behind
the flame front with a depth measured in tenths of an inch;
the combustion Zone, however, may have a cellular structure.

3. The photographs have shown that preignition from s
hot spot is not a direct cause of knock and that the flame
from a hot spot is similar to the flame from a spark plug.

4. Vibratory knock has been shown to involve an extremely
fast reaction, termed the “explosive knock reaction” herein,
which develops suddenly after & period of normal burning.
This reaction involves a time interval not greater than 50
microseconds.:

5. The oxplosive knock reaction has been shown to begin
within 25 microseconds of the same time as the violent knock-
ing vibrations shown by a piezoelectric pickup placed in the
end zone of the combustion chamber,

6. The photographs have indicated that the explosive
knock reaction originates only in a portion of gas that is
already ignited, either by normal ﬂame travel or by auto-
1gmt10n

. The photographs have shown a number of different
types of end-gas autoignition, some of which appear always
to be followed by the explosive knock reaction and some of
which may occur without being followed by the explosive
knock reaction. The photographs have also shown cases
of the explosive knock reaction not precede’d by any form of
sutoignition,

8. Analysis of the photographs taken at 40,000 frames per
s:cond has indicated that the explosive knock reaction is a
type of detonation wave traveling, under different conditions,
at speeds ranging approximately from 3000 to 6500 feet per
second or from about one to two times the speed of sound in
the burned gases.

8. The propagation speed of the order of 6500 feet per second
for the explosive knock reaction has been confirmed by the
one series of photographs obtained at 200,000 frames per
second.

10. A definite loss of chemical energy that would otherwise
have been available has been shown to result from the ex-
plosive knock reaction.

i1. The photographs have shown that free carbon is re-
leased in both the burning and the burned gases within 10
microseconds after passage of the detonation wave associated
with the explosive knock reaction.

REPORT .1026—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS'

The indications of the high-speed and ultra-high-speed
photographs do not harmonize with the simple autoignition
theory of knock or with the simple detonation-wave theory,
They appear rather to support the combined detonation-
wave and autoignition theory proposed in the literature dis-
cussion that forms the first part of this paper.
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CHAPTER U

CORRELATIONS OF KNOCK-LIMITED PERFORMANCE DATA

If mechanical limitations are disregarded, the power output
of an engine can be increased by varying any one of several
operating conditions until the knock limit of the fuel is
reached. Omnce this Iimit is encountered, further efforts to

increase the power will result in overheating of the engine and

prolonged operation under these knocking conditions may
result in damage to the engine. For these reasons, much
research has been conducted. to_extend knowledge of the
nature of knock and, through application of this knowledge,
to eliminate knoeck as an obstacle to greater engine power.

Knock itself:is fundamentally related to the following
events that occur in the engine eylinder after induction of the
fuel-air charge:

1. The fuel-air mixture (charge) is taken into the cylinder
at & given temperature and pressure.

2. Compression of the charge begins as the piston moves
upward. During this compression the .volume occupied by
the charge decreases, the pressure increases, and the tempera-
ture increases. - The total temperature increase ificludes the
temperature rise resulting from an amount of heat transferred
from the hot cylinder walls. ' ' '

3. Ignition of the charge takes place at some point before
the piston reaches top center. - - .

4. From the point of ignition the burning charge moves
across the cylinder and the flame front compresses the un-
burned portion of the charge, as illustrated in figure II-1.
The arcs emanating from the spark represent progressive
positions of the flame front.

5. The density and the temperature in the unburned
portion of the charge incresse as the flame front progresses.

Successive positions
of flame front -
. - A
1
1
1
L]
[}

N -~-=~Unburned
\ charge

Cylinder /
wall -~~~

F16URE II-1~—8chematic dlagram of travel of flame front across

6. For a given fuel, & unique combination of density and
temperature may occur and at this point the unburned por-
tion of the charge will spontaneously ignite (ch. I) with
considerable violence to produce the phenomenon called
knock.

Rothrock and Biermann (reference 1) assume density and
temperature to be the physical properties of the combustion
ges that determine whether or not the fuel will knock. For
each gas density, a gas temperature exists at which the
unburned portion of the charge ahead of the flame front.
will ignite spontaneously. This combination of density and
temperature may or may not be reached, depending upon the
controlled and uncontrolled factors of engine operation.
These factors are listed in reference 1 as follows: -

(a) Chemical composition of fuel

(b) Fuel-air ratio

(c) Exhaust-gas dilution

(d) Humidity

(e) Compression ratio

(f) Inlet-air temperature

(2) Inlet-air pressure

(h) Well temperature of combustion chamber and cylinder
~ (i) “Sperk advance :

(3) Engine speed

(k) Engine dimensions .

1) Combustion<chamber form o

If, as pointed out in reference 1, many combinations of
density and temperature exist at which a fuel will knock,
it is impossible to express the knock limit of a fuel adequately -
by testing that fuel at only one set of engine operating condi-
tions. Each fuel must be tested under a variety of conditions
in order to establish the absolute relation between knock-
limited density and temperature. This relation will be the

same regardless of the engine in which it is determined.

SYMBOLS

The following symbols are used in this chapter:
a, b . coefficients in specific-heat (constant volume)
equation for charge
specific heat of mixture at constant volume,
~ Btu/(b)/° F . -
fuel-air ratio
functions
“heat content per pound of mixture, Btu/(lb
intake cycles per minute :
mechanical equivalent of heat, 778 ({t-]b)/Btu
constant
molecular weight of charge . e
* _ moles of gas present in c¢ylinder

(2}
o,

;FZJFI

YRS
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P pressure, (1b)/(sq in.)

R universal gas constant, (ft-1b)/ (mole)("R)

T compression ratio

T temperature, “R

T mean temperature throughout combustion cham-
ber just before knock, °R

AT temperature rise of cylinder contents due to
constant-volume burning, °F
Ve ~learance volume, (cu in.)
72 displacement volume, (cu in.}
Ve specific volume, (cu ft/Ib)
114 gas flow, (Ib)/eycle
Z factor replacing
751
¥ ratio of specific heats
Neom combustion efficiency
p density, (b)/(cu in.)
Subsecripts:
b burned mixture at top center
¢ compression
e effective
k in knocking zone (end gas) immediately preceding
knock
0 inlet air

CORRELATIONS BASED UPON END-GAS CONDITIONS

The last portion of the charge to burn, which under proper
conditions of density and temperature ignites spontaneously,
is commonly designated the end gas. The space occupied
by this gas is celled the end zone. From the conventional
thermodynamic equations, expressions are derived in refer-
ence 1 for determination of the end-gas density and tempera-
ture. The compression of the fresh charge admitted to the
cylinder occurs in two steps: (1) the charge is adiabatically
compressed by the piston until ignition tekes place; and (2)
the unburned charge ahead of the flame front is assumed to
be adiabatically compressed by both the piston and the
flame front until knock occurs, or

Step (1):
-1
ﬂn_(ﬁ) '
T. \P.
Step (2):
y—1
j— Pc T
(%)
where
To,P, inlet-air temperature and pressure, respectively

T.,P. temperature and pressure, respectively, after com-
pression by piston
T¢,P: temperature and pressure, respectively, in knocking

zone immediately preceding knock
' ratio of specific heat at constant pressure to specific
heat at constant volume

601

Combining steps 1 and 2 yields

r—1 -
P\ T '
T,=T, —Pf,) i 1)

This equation expresses the temperature in the knocking

zone. The expression for density of the unburned charge
ghead of the flame front is given by the equation

Pu Pg- -
Ker=r, Pn) ®
where
pr gas density in knocking zone immediately precedmg
knock

K constant

Equations (1) and (2) are the same as those of reference 2 .

except that density has been used instead of pressure.
These equations show that if an engine is operated at con-
ditions of incipient knock and Pj is measured, the density

and the temperature may be calculated. Accurate measure-
ments of P;, however, are very difficult; therefore, the cal- .

culations as well as experimentation can be simplified by
expressing the density and the temperature in terms of more
easily determined factors. For example, equation (2) can
be written
1

_ Py /P Pc)7
ka—?u P c P 0.
If P, and T, are the compression pressure and tempsrature,
respectively, and 7 is the mean temperature throughout the
combustion chamber just before knock occurs, the density
px 1s expressed by

1

P, T (P,
K=, T, E)
Because
-y S ~
Cy Ce
and
. 1
PN
E =r
where .

H heat content per pound of mixture

¢, specific heat of mixture at constant volume
r compression ratio of engine

then

P L _
. 0(1 c,Tor"“ @

Similarly,
=1 1

Tr= TQJ“T"'l <1+C Tor‘)"‘l

4
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FIGURE 1I-2.—Effect of estimated end-gas temperature on maximum permissible density
factor for lended and unleaded Iscoctane in flat-disk combustion chamber. Engine speed,
2500 rpm; improved cooling in cylinder head; fael-air ratio, 0.081. (Fig. 20freference 1.)

In the evaluation (reference 1) of equations (3) and (4), ¢,
was estimated as 0.25 Btu per pound per °F, v as 1.29, and
H as 1160 Btu per pound of mixture. The quantity H was
estimated by the following expression:

18,0007c0mf
. H=—7 +f
where
feem cCOmMbustion efficiency
f {fuel-air ratio.

The combustion efficiencies used in reference 1 were obtained

from reference 3.

The application of the foregoing relations is illustrated in
figure II-2. These data were obtained a2t an engine speed of
2500 rpm and & fuel-zir ratio of 0.081. Although the data
represent several compression ratios and. several inlet-air
temperatures, a single curve is obtained for each fuel. For
the range of va.lues examined in reference 1, the value of

(1+c T ’ at an mlet.—au' temperature of 120° F vaned

from a value of 3.82 at & compression ratio of 6.5 to a value of
3.62 at a compression'ratio of 8.75. It was therefore assumed
that the density. factor (equation (3)) could be expressed by
rPy/T;. Similaily, the end-gas temperature T could be
expressed by Ty7™). In reference 1, ! is also eliminated
from the term for T, because the data justified the omission.
Proper consideration of equation (3), however, does not sup-
port the elimination of »v~! from. equetion (4).

The omission of the terms ! and <1 +—F— 3 Tr? ) from

equation (4) permits the use of T; in place of T:. A compari-
son of several fuels on this basis is shown in figure II-3. The
curves for the fuels tend to converge at high inlet-air tempera-

tures, which indicates that for some temperature it is con-
ceivable that this particular group of fuels might have the
seme knock-limited performance. This trend is due to the
similarity of the fuels used. As will be shown later in this
chapter, the curves for various fuels are not ordinarily so
similar.

Because the density and temperature relations vary with
fuel-gir ratio (reference 1), Taylor, Leary, and Diver (refer-
ence 4} obtained additional data to improve the accuracy of
the expressions in reference 1 and specifically to investigate
further the influence of fuel-air ratio. In addition, an effort
is made to determine the effect of exhaust-gas dilution on the
compression ratio for incipient detonation. As a further
refinement. of the end-gas conditions, allowance is made for
variation of specific heats and chemical equilibrium of the

- charge before and after combustion with temperature, pres-

sure, and fuel-air ratio. The procedure used for computing
end-gas temperatures in reference 4 is as follows:

A point is first selected on the compression stroke of an
indicator diagram and the specific volume ¥, of the charge
is computed. The temperature 7T, is then computed from
the following relation:

PV,
R

TQ=

where
R gas constant, 1544/m
m molecular weight of charge

l

I Knock
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]
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FIGURE H—&_}.—Eﬂect of inlet-air temperature on maxmum permissible density factor for
serfes of fuel blends In flat-disk combustion chamber. Engine speed, 2500 rpm; fucl-air
ratfo, 0.081. (Fig. 4 of reference 1.)
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FicurE IT-4.—Comparison of effect of end-gas temperature on maximoem permissible end-
gas density as determined by methods of references I and 4. (Fig. 2¢ of reference 4.)

The end-gas temperature T; is calculated from the equa-
tion for T taken from reference 5.

log Ty=log To-+-—or—log i ——— (Ty—T9
(ctB)a P 330 (s4)
(5)
where
a, b coefficients in specific-heat equation at constant volume
for charge

J  mechanical equivalent of heat, 778(ft-1b)/Btu
A comparison of the end-gas calculations from references

1 and 4 is shown in figure II4. The results of these refer-

ences are in agreement as to the variation of end-gas density
with end-gas temperature, but the order of variation of end-
gas density with fuel-air ratio at any given end-gas tempera-
ture is reversed by the two methods of calculation. An
additional analysis by Rothrock cited in reference 4 attrib-
utes the apparent reversal of the effect of the fuel-air ratio
to the difference between the measured maximum pressures
of reference 4 and the computed meximum pressures of
reference 1.

The studies of reference 4 were made at constant engine
speed and therefore do not consider the effect of time or
rate of combustion on knock. In & subsequent investiga-
tion, Leary and Taylor (reference 6) attempt to explain the
significance of time in engine detonation by the use of
indicator diagrams obtained during knock tests. As a result
of these studies, the investigators conelude that higher
meaximum permissible pressures can be used in an engine
if the rate of compression of the end gas is increased. This
conclusion led to the development of an experimentel com-

08

)
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\ .
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(a) Variable fuel-air ratio. Compression ratio, 11.7. (Fig. 32 of reference 8.)

FIGCRE IT-5.~Comparison of iscoctane, 100-octane gasoline, triptane, and benzenme with
respeot to variatfon in ignitior delay. Initfal pressure, 14.7 pounds per square ineh ahso-
late; fuftial temperature, 148° F; compression time, approximately 0.006 second.

pression machine (reference 7) for use in studies of fuel
knocking characteristics. -

The first results obtained in the compression machine are .

reported in reference 8 as an explanation of differences in
knocking characteristics of fuels. Ignition deley as a func-
tion of fuel-air ratio is shown in figure II-5 (a) for four
fuels. When the curves for isococtane (2,2,4-trimethyl-
pentane) and 100-octane gasoline are compared, the ignition
delay of the gasoline is seen to be greater than that of iso-
octane at fuel-air ratios greater than 0.085. The reverse is
true at fuel-air ratios below 0.085. On the basis of these
results, it is suggested (reference 8) that the knock-limited

.04 \
5 ~100-0ctane
%\ a3 \ \ gasoline
3 / f\\\
5 o 'sooc ane\N\Benzcnc
@fmc
of
~—T |
{b)
o

7 8 s /g i 12 13 4 5
Compression rafig r
(b} Variable compression ratfo. Fuelalr ratfo, stoichiometric. (Fig. 33 of reference 8.}
Frecee O-6.—Concluded. Comparison of isaoctane, 100-octane gasoline, triptane, and ben-

zene with respeet to variation In Ignition delay. Initial pressure, 14.7 pounds per square
inch absolute; initial temperature, 146° F; compression time, approximately 0.006 second.
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performance of these fuels may be similar; that is, isooctane
would be higher than 100-octane gasohne at low fuel-air

ratios but lower than gasoline at high fuel-air ratios. This
belief was confirmed by supercharged knock tests. If igni-
tion delay were the only ecriterion of knock, it could be
concluded from figure IT-5 (a) that triptane (2,2,3-trimethyl-
butane) has the highest antiknock performance with benzene

next in order; however, the authors of reference 8 contend

that this result may not be true inagmuch as the pressure-
time curve during the delay period is also of comsiderable
importance. ;

Ignition delay as a function of compressmn ratio is shown
in figure II-5 (b). The delay period decreases as the
compression ratio increases. The ignition delays for triptane
are higher than those of isooctane and 100-octane gasoline
over the entire range of compression ratios. Benzene has
ignition delays greater than those of triptane at compression
ratios below 10.5, but over the entire compression-ratio
range the pressure-time records of reference 8 for benzene
always indicate a smoother reaction than that of triptane.
From this relation it may be surmised that the high-antiknock
characteristics of benzene are attributable to the slow pres-
sure rise during combustion of the end gas rather than to
the long ignition delay periods.

The correlations of end-gas conditions proposed in refer-
ences 1 and 4 do not account for variations of fuel-air ratio
(fig. 1I4); consequently, the end-gas density-temperature
relations are rederived in reference 9 with this factor taken
into consideration. The following equations are proposed
in reference 9:

The dens1ty of the charge after a.dmbatm compressmn by
the piston. is . ; . e
W

N
where . . -
p. density after compression
W weight of gas inducted per cycle
V. clearance volume : -

The temperature of the charge after compression is
To=Tgr! (7)

The state of the gases before burning in the eylinder when
the piston is at top center may be expressed by the ideal gas
equation,

P.V.=nRT. €)
where

P, compression pressure _

n  moles of gas present in cylinder

R universal gas constant N
The state of the gases at top center after burmng is

P 5V5=RR T 2 (9)
where

P, pressure of burned mixture at top center
T, temperature of burned mixture at top center

Combining equations (8) and (9) gives

P, T
_F:::T: N =2 (10)

The end gas is adiabatically compressed during constant-
volume combustlon

and
L
where

P;,. effective end-gas pressure at instant before knock
T effective end-gas temperature at instant before knoc-h
pr.e effective end-gas densxty at instant beforo knock

The term “effective” was used in reference 9 in referring to
the end-gas quantities (subscript 4,e) inasmuch as these
quantities are based upon an idealized air-cycle analysis and
are therefore not the same as the actual values.

As the flame front moves across the eylinder, the unburned
gas (assumed to be small) is compressed and knock occurs

just before completion of combustion of the entire charge.

In equation (11), P, can be substituted for P,

e
— Tk-‘ 7! . P .
(7 (13)
Combining equations (10) and (13) yields
T=T.(3)" (14)
" however,
where

AT  temperature rise of eylinder contents due to constant-
volume burning
Therefore,

1.=.(1 +5T%)7T_l ' (16)

In reference 9, a relation is assumed to exist between effce-
tive end-gas density and effective end-gas {emperature at the
incipient-knock condition; this relation includes the effects of
variations of fuel-air ratio, compression ratio, and inlet-air
temperature:

pr,e=Fi(T, o) (17
Combining equations (12) and (17} yiclds
1

oo (B = R a®

L™
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or

(19)

Replacing T , by its equivalent in equation (16) and letting
1 .

Z equal p,/T.*"! gives

Z—F, [T£(1 +%)L;l:|

The constant-volume temperature rise during burning AT
is dependent upon factors such es fuel-air ratio and pressure
and temperature of the charge before burning. Of these
factors, fuel-air ratio is the most important on= affecting
AT, therefore, AT is considered (reference 9) to be a function
of fuel-air ratio alone. Af some reference fuel-air ratio, AT
can be taken as a constant. In reference 9, a fuel-air ratio
of 0.08 is selected. A representative value (4040° F) of AT
is chosen from reference 10 to be used in the correlation of
the experimental data of reference 9.

The constant-volume temperature rise due to combustion
becomes

(20)

.AT=4040F3 () (21)

where f is fuel-air ratio.
Substituting this value of AT into equation (20) gives

-r{a [ 4 F0T

(22)

T T 1 1
Fuel-air ratio
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Frocre II-§.—Effect of compression-afr temperature and fuel-air ratio on Imock-limited
valoes of factor Z for AN-F-28 fuel in CFR engine. Engine speed, 1800 rpm; coolant
temperature, 2509 F; spark advance, 30° B, T. C. (Fig. 4 of reference 9; data caleolated
from reference 10.)
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F1eurE II-7.—Effect of fuel-air ratio on function of fuel-air rato for elght fuels fn supercharged

OFR engine. (Flg. 5 of reference 9.}

By use of squations (6), (7), (12), (16), and (21), the fol-
lowing expressions may be written for T, and pp ¢

=1
Ty o= Torr~? [1 -[—%(:r%m i (23)
W /T, N1
T -1
P, °=V_¢r Zﬁ;) (24)

Equations (23) and (24) can be solved for T; . and pg, if
Fy(f)isknown. The utility of these equations for correlation
of engine variables depends upon whether & single curve
results between 7}, and pp ., when Ty, r, or f is varied and
algo upon the accuracy with which Fi(f) can be evaluated.

In order to determine Fy(f), values of Z are computed
(reference 9) from experimental data obtained in a CFR test
engine with AN-F-28 (28-R), a 100/130 grade aviation

- 1

gasoline. The values of Z are computed from p/T,—1, and
a8 constant v of 1.4 is used. The computed values are then
plotted against T, as shown in figure [I-6. The experimental
data upon which this figure is based covered & range of-com-
pression ratios from 5 to 10 at & constant inlet-air tempera-
ture of 250° F and a range of inlet-air temperatures from
100° to 350° F at a compression ratio of 8. A constant
engine speed of 1800 rpm, a coolant temperature of 250° F,
and a spark advance of 30° B. T. C., were maintained in all
cases. _
At constant Z (fig. II-6), a new value of T exists for each
fael-air ratio and the right side of equation (22) is constant
regardless of fuel-air ratio; consequently, the following
equation may be written:
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Ymited effective end-gas density for eight fuels. (Fig. 8 of reference 9.)

1=1 1ot .
Tc[1+“404(;:F “U)]’ =T, o (1+;-?oii)’ (25)

The left side of this equation applies for any fucl-air ratio,
whereas the right side applies only to the previously men-
tioned reference fuel-air ratio of 0.08, where F3(f) has been
taken as 1.0. By substitution of different values of ‘7T’ from
figure IT-6 into the left side and the valuo of T, for a fucl-air
ratio of 0.08 in the right side of equation (25) it is possible
to solve for Fy(f).

Values of F3(f) are determined in reference 9 for seven
other fuels and the results are plotied in figure II-7. The
curve on this figure represents the mean of the data. Obvi-
ously the relation between F3(f) and f varies with the fuel
used and for this reason the use of the mean curve is not
recommended unless data for a specific fuel are unavailable.

By means of the Fy(f) curves (fig. II-6) for each fuel,
values of T, and px, are calculated (reference 9) from
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FigrrE II-10.—Effect of compression ratfo and inlet-alr temperature on knoek-Iimfied per-
formanece of difsopropyl plus 4 ml TEXL per gallon.

equations (23) and (24). In general, the correlations were
quite satisfactory, as illustrated by figure II-8 (2). The
poorest correlation was found for friptane (fig. II-8 (b)),
particularly at low values of T%,,; however, good correlation
could not be expected in this case because of the tendency of
- the fuel to preignite. (See ch. IV.) A comparison of the
knock-limited effective density-tempersture curves for the
fuels investigated is presented in figure II-9. '

In order to determine the accuracy of the curves of T},
against py, the authors of reference 9 calculated the knock-
limited air flow W, (equation (24)) from T} ,—pr. curves
based upon the mean and individual F3(f} curves of fig-
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ure IT-7. The results of this comparison are presented in
the following table:

Mean error in calculated kmock-limjted
charge flow (percent}
Fuel Variable inlet-air Variable compression
temperature ratio

Individual Mean | Individoal Mean
Fi () Fi(f Fs (N Fi(H

3.5 42 4.6 5.5

2.9 6.4 3.9 3.4

2.7 7.8 3.7 7.0

37 5.0 4.0 3.9

8.6 244 6.6 2.4

7.3 7.2 7.5 8.6

5.1 7.4 7.2 8.0

8.0 8.8 6.2 6.6

As would be expected, the least error in the calculated air .

flow resulted from use of the curves of T3, against p, . based
upon the individual #; (f) curves. Diisopropyl at variable
compression-ratio conditions and cyclopentane at variable
inlet-air-temperature conditions appear to be exceptions,
but the difference in mean error is small between the air
flows computed from individual or mean F; (f) curves.
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CORRELATIONS BASED UPON COMPRESSION CONDITIONS

The calculation of end-gas temperatures and densities
described in the foregoing section is sufficiently complicated
and uncertain to make it desirable to use some simple
method of data correlation. One such method, based upon
compression conditions, is proposed in reference 11. The
method does not correlate all the variables of engine opera-
tion such as spark advance, engine speed, or fuel-air ratio,
but is useful in explaining the effects of compression ratio
and inlet-air temperature on fuel performance.

In this method, a relation is assumed to exist between
compression conditions before ignition occurs and end-gas
conditions after ignition occurs; therefore, calculated com-
pression densities and temperatures may be used in place of
end-gas densities and temperatures.

The compression density may be calculated as follows:

Wo_ Wer—1)

P¢=ch Vs Cal - (26)

where

Wy inlet-air low, (lb/min)
i intake cycles per minute

V. clearance volume, (cu in.)
V: displacement volume, (cu in.)

The calculation of compression temperature (reference 11)
neglects the effects of fuel vaporization, heat transfer to the
cylinder walls, fuel-air ratio, and preflame reactions; how-
ever, the correlations obtained with an adiabatic-compression
formula justify these omissions,

To=Tort™? (27)

In order to ve'rify this method of correlation, knock-

limited performance data were obtained for a number of
fuels in references 11 and 12. These data resulted from
tests in which all operating conditions except compression
ratio wers held constant. The tests were then repeeted with
all variables except inlet-air temperature constant, An il-
lustration of the engine data for a single fuel is presented in
figure I1-10. Compression densities and temperatures cal-
culated from data in these figures are shown in figure II-11.
Comparisons of several fuels (reference 13) are shown in
figure I1-12.
' The curves shown in these fgures illustrate the relative
sensitivities of fuels to changes of temperature and compres-
sion ratio and also may be used to describe the popular
terms “mild”’ and ‘severe’” conditions. For ecxample
(fig. IT-12 (a)), an increase in compression ratio or inlet-air
temperature causes an increase in compression temperaiure
and a decrease in knock-limited performance as indicaled
by the low compression densities. Any combination of
engine operating variables, such as spark advance, inlet-air
temperature, compression ratio, and engine speed, that
tends to produce exceptionally low knock Jimited compres-
sion densxt1es, is commonly termed & ‘‘severe’” condition,
Conversely, “‘mild” conditions tend to produce high knock-
limited compression densities.

The type of curve shown i in figure 1I-12 (a) has also bu:n
used to express the term ‘“‘temperature sensitivity.” Al-
though no universally accepted definition of temperature
sensitivity has been devised, the authors of reference 12 sug-
gest that the compression-density—temperature plot offers
& more generally applicable definition than any other yet
devised. The slope of the curve of compression densily
plotted against compression temperature would offer o
measurement of temperature sensitivity. Calculations of
these slopes for the fuels investigated in reference 12 indi-
cated that the temperature sensitivitics of isooclane, avia-
tion gasoline, an aviation alkylate, and diisopropyl (2,3-
dimethylbutane) were very nearly independent of engine con-
ditions. The temperature sensitivity of triptane decreased
as the severity of the engine conditions decreased; the tem-
perature sensitivities of cyclopentane, cyclohexane, triptene,
(2,3,3-trimethylbutene-1}, and toluene inecrcased as the
severity of the engine conditions decreased. '
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The data presented in figure II-12 were obtained in a
CFR engine that is designed to permit variation of com-
pression ratio. In order to determine if the compression-
density—temperature correlation would hold for full-scale
engines, similar tests were made in an experimental engine
employing a single cylinder from an aircraft engine. The

compression ratio was varied by using pistons of different

displacement in the cylinder., The results of these runs
(reference 13) are shown in ﬁgure IT-13.

Inasmuch as the correlation is satisfactory for full-scale
engines (fig. II-13), the experimental evaluation of engines
or fuels can be minimized. For example, investigation of
the effect of compression ratioc on knock-limited performance

REPORT 1026-—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

in full-scale multicylinder engines is impractical because of
the cost, time, and effort involved in changing pistons.
Curves like those of figure II-13, however, can be established
with relative ease by varying inlet-air temperature. From
the curve so established, the effect of compression ralio on
knock-limited compression density can be. calculated from
assumed compression temperatures.

Although the simplicity of the compression-densily—
temperature correlation is greater than that of the end-gas
correlations presented in the preceding section of this chap-
ter, the end-gas method has the obvious advantage of com-
pensating for variations in fuel-air ratio as well as for com-
pression ratio and inlet-air temperature.
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CHAPTER I
ANTIKNOCK: PERFORMANCE SCALES

For many years the efforts of investigators in the field of
fuel research have been directed toward the development of
suitable scales for measuring the knocking characteristics
of fuels. As a result of these efforts, a number of scales have
been studied, but only a few have passed beyond the stage of
tentative acceptance. The emphsasis in this development
has generslly been placed upon one objective—that the
method permit- the assignment of a numerical antiknock
value to each fuel and that the rating so determined be
reasonably constant regardless of the engine or operating
condition used.

The achievement of this objective has been hindered be-
cause the many fuels suitable for aviation use vary widely in
their response to changes in engine conditions and also be-
cause the rating scales currently used are unsatisfactory for
rating fuels in the high performance range. As a result of
these difficulties, attention has been turned in recent years
to the problem of establishing a rating scale that will permit
determination of ratings for high-performance fuels. An
effort has been made in these studies to select reference fuels
that will respond to changes in engine conditions in & manner
similar to that of service fuels. The material in this chapter
is given in greater detail in reference 1.

DEVELOPMENT OF FUEL-RATING SCALES

Octane scale.—One of the earliest and the most enduring
knock-rating scales is the familiar octane-number scale pro-
posed by Edgar (reference 2) in 1927. This scale is based on
two reference fuels, isooctane (2,2,4-trimethylpentane} and
n-heptane, suggested becsuse isooctane knocked less and
n-heptane more than any other fuels then known. In this
system, isooctane is arbitrarily assigned a rating (octane
number} of 100 and n-heptane, & rating of 0. The char-
acteristic shape of curves representing the octane scale is
shown in figure I1T-1 from data obtained in the A. S. T. M.
Supercharge engine (A. S. T. M. designation D909—47T).

The octane scale is restricted to the determination of rat-
ings for fuels producing knock-limited power equal to or less
than that of isooctane and equal to or greater than that of
n-heptane. At the lower end of the scale, the limifation
offers no serious obstacle because interest in fuels with
greater kmocking tendencies than n-heptane is purely aca-
demic. On the other hand, the upper or isooctane end of the
scele offers a very serious obstacle inssmuch as many pure
hydrocarbons and commercial blending stocks are known to
exceed the knock-limited power output of isooctans.

In addition to being limited in use to fuels having anti-
knock values between those of n-heptane and isooctane, the
octane scale fails to provide numerical ratings that remain

constant from engine to engine or from one condition to
another. :
one engine may have an octane number of 90 in another
engine. Investigation has shown, however, that the ratings
of paraffinic fuels, with the exception of certain highly

branched isomers, tend to remain more nearly constant from

engine to engine than do widely different types of hydro-
carbon. within the range of performance.covered. by the
octane scale (reference 3).
the differences in sensitivities of various fuels to changes in
operating conditions. Inasmuch as the rating fuels (iso-
octane and n-heptane) are paraffinic, these fuels would be
expected to respond to changes in operating conditions in
much the same manner as a peraffinic test fuel. If, on the

other hand, the test fuel contains large concentrations of

aromatic, cycloparaffinic, or olefinic compounds, the re-
sponse to variations in operating conditions would differ
greatly from the behavior of the paraffinic rating fuels.
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That is, a fuel having an octane number of 80 in
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Lead scale.—When fuels with knock ratings that exceeded

the upper limit of the octane scale were first considered for.

service use, it became apparent that the octane scale was no
longer adequate for rating aviation fuels; consequently, the
the search began for a performance scale that would ac-
commodate the high-performance fuels used in modern air-
craft power plants. In order to meet this problem, it was
decided that fuels exceeding the performance of iscoctane
should be matched against isooctane to which had been
added a given amount of tetraethyl lead. (See fig. III-2.)
The procedure for rating fuels by the lead scale is the same
as that used for the octane scale; that is, the knock intensity
of the test fuel is determined in & standard engine at standard
conditions and the knocking tendencies of blends of iso-
octane and tetraethyl lead are compared with those of the
test fuel until one blend is found to give a knock intensity
equal to that of the test fuel.

Performance-number scale.—Ngither the octane scale
nor the lead scale permitted the assignment of a numerical
rating indicative of the power output of a fuel, and in an
effort to circumvent this difficulty a scale of performance
numbers was adopted. The performance scale (fig. I1I-3)
represents an approximate average of the knock-limited per-
formance as determined in several different engines at differ-
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ent operating conditions for iscoctane contuining various
amounts of tetraethyl lead. Although empirically deter-
mined, this scale has proved useful in expressing fuel ratings
and in correlating performance of fuels in different engines,
but it still does not provide an absolute measure of power
output.

The performance-number scale does not alter the procedure
for rating fuels by use of leaded isooctane (lead seale) but
does change the method of reporting the rating. For ex-
ample, if & test fuel is found to give knock-limited por-
formance equal to iscoctane plus 2.0 ml TEL per gallon in
any engine at any condition, its rating is reported as 138
performance number. (See fig. I11-8.) _ o

The performance scale as originally adopted was intended
for use only with fuels having ratings ebove an octane number
of 100 by the A. S. T. M. Supercharge method. General
acceptance of the scale soon led to expression of ratings by
the A. S. T. M. Aviation method (A. S. T. M. designation
D614—47T) in terms of performance numbers and luter
resulted in extension of the scale below a performanee number
of 100.

Proposed rating scales.—One limitation of the octane
scale and the lead scale is that the service fuels containing
an approximately constant amount of tetracthyl lead (3.0 to
4.6 ml/gal) must be matched against unleaded rating fuels or
against rating fuels having variable concentrations of lead.
This limitation is inherently related to the problem of fuel
sensitivity to changes in operating conditions in that tetra-
ethyl lead affects the sensitivity of the fuel to which it is
added.

In order to minimize this effect on fuel ratings, investi-
reference fuels contain a constant amount of tetracthyl lead
in the range of concentrations found in service fuels. Some
of these schemes recommend the addition of a third com-
ponent, such as an aromatie, in the reference fuel blend in
order to produce reference fuels having sensitivilies more
nearly equal to service fuels.
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EVALUATION OF PROPOSED FUEL-RATING SCALES

On the basis of studies made by the Coordinating Research
Council (reference 4), it was proposed that triptane (2,2,3-
trimethylbutane) and n-heptane be adopted as the reference
fuels for a new rating scale. Both fuels were to contain 3.78
ml TEL per gellon. The studies on which this proposal was
based were conducted in A. S. T. M. Aviation and A. S. T. M.
Supercharge fuel-rating engines at standard operating condi-
tions. In order to extend the data of the Coordinating
Research Council beyond standard operating conditions, an
investigation of the proposed rating scele over a range of
engine conditions was conducted by the NACA and is
reported in reference 1. The results of this investigation of
triptane and n-heptane were compared with results obtained
under similar test conditions for current rating scales and
other proposed scales.

The effects of varying engine conditions were simulated by
varying inlet-air temperature from 100° to 300° F in the
A. S. T. M. Supercharge engme. The combinations of
reference fuels investigated were:

1. Isooctane and n-heptane

2. Isooctane (containing 0 to 6 ml TEL/gal)

3. Isooctane and n-heptene (both containing 3.78 ml
TEL/gal)

TABLE III-1—SERVICE AND SERVICE-TYPE FUELS =

; o
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4. Triptane and n-heptane (both containing 3.78 ml
TEL/gal)

5. Triptane and isooctane (both containing 3.78 ml
TEL/gal)

In order to compare the merits of the various rating scales,
several service and service-type fuels were included in the .
investigation. (See table III-1.} In choosing these par-
ticular fuels and blends, an effort was made to cover a wide
range of performance numbers both rich and lean. Inspec-
tion properties for these fuels are presented in table ITI-2.

Although complete knock-limited mixture-response curves
were obtained in the A. S. T. M. Supercharge engine, the
analysis of results presented (reference 1) is restricted to two
fuel-air tatios, 0.065 and 0.11. Examples of data at these
two fuel-air ratios are shown in figure T114.

The points on the curves in these figures are cross-plotted
from mixture-response curves.

Antiknock ra.tmgs made by the A. S. T. M. Aviation
method for the various reference-fuel blends are presented
in table IT1-3.

Comparisons among various reference scales.—In fig-
ure ITT-5 the various reference scales are compared at standard
A.S.T. M. Aviation and A. S. T. M. Supercharge operating
conditions. Itis seen in figure ITT-5 (2) that for A. S. T'. M.
Axviation conditions the data for leaded blends of isooctane
and n-heptane fall on a 45° line, which indicates that the
A. S. T. M. Aviation (lesn) rating of isooctane containing
3.78 ml TEL per gallon is equal to that of triptane containing

Fuel Fade
. o | O ean/rich s the same quantity of tetraethyl lead. Conversely, data at
T rm - A_S. T. M. Supercharge (rich) conditions (fig. IIT-5 (b))
i AI\—F—E;(-;"-::é;._:l:(::';%):(;z; E—— 'Z:;ZI_ . 100/130 show that for equal knock-limited indicated mean effective
Special Jals@alslnl 5B-] perce; ne--34 percent virgin . - - . .
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08 sopropsl+12 percent . - : ;
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; :ec ta%§+2d9 percent aliylate-+8 ﬁp;rcenﬂ[s:o po pj+m E )| 189175 of the current performance scale.
end nuom rcent difsopri ey - -
‘I R?ipsx_%g-i— rrcgen&ta%yrlgtteer;l;lscepefrg%ﬁgssopenm%: GLO mﬁﬂ ).f  11/200 An additional observation can be made from figure III-5:
|~ percent lsopeg.teane—l--!. B 146/173 namely, that for A. S. T. M. Aviation conditions the two-
t RAFD-53 (45 percent S reference uel-}45 percent friptane4-10 per- B - -
I' “cent isopentane{4.6 mE TEE/gAL oo oo mmmmmemrmeeee 153/162 component reference-fuel systems with constant tetraethyl-

= Repraduced from reference 1.

b Lean mtl.n,gs by A. S. T. M. Aviation method are intended to be Indicative of “crufse”
performance. Riei ratinas by A.S. T. M. Supercharge method ere intended to be indieative
of take-off performance. (See reference &.)

lead concentrations are related by straight lines, whereas

at A. S. T. M. Supercharge conditions definite curvature is

obtained.

TABLE III-2—INSPECTION DATA FOR SERVICE AND SERVICE-TYPE FUELS =

! AN-F-28

R AN-F-33 | g [ |
Fuel designaticn I AN-F-28 | "5 RS R §B-1 §B-2 SB-3 | SB~ | SB-3 | RAFD-%2}{ RAFD-53
! i ' | i .
| A.S,T.L distillation: | t | I
i Initial bolling point, (°F)... - 136 104 122 | 122 106 122 | 12 120 . 140
! 1¢ percent evaporated, S 1680 145 136 | 1y 126 136 142 163
! 10 percent evaporated, (°F) 150 192 107 145 160 60 | Hg ! 44 160 188 _
! 50 percent evaporated, (°F) .. 120 209 217 152 170 I 152 | 18 166 190 —
1 90 percens evaporated, (°F}_. - - 236 278 274 294 242 240 | 24 150 204 200
I End point, (OF) aeeeeees 2. - — 320 388 39 342 350 34, 342 200 226 232 N
Recidue, pescent.... N o9 1o IR B B R &s £ | o
TEL cangent, (miigi.l"_'_'_-._.._ o495 | TTTass L8 402 417 439 ! £11 3.96 452 4.60
Copperd.tshgu.m mgf100 ml) _— a9 29 3 10.1 0.8 6.3 | 1.5 13.6 L1 3.3 _
e e A — Tl S | SR | ome ) Sib | Som ¢ S ! ;| Sor | S
.................. [ L LT 2 3 3 . H .
I Net heat of mmbustton, Btoflby .. i 19,108 18, 700 18, 800 18, 817 l 19,196 19, 155 E 15,350 | [2.2:6 19, 247 16,373

» Table IT of reference L.
213637T—053——384
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Fiourr 10~4.—Variation of knock-limited performance of unleaded blends of iscoctane and
n-heptans with inlet-air temperature. Comprassion ratlo, 7.0; engfpe speed, 1500 rpm;
coolant temperature, 373° F; spark advance, 45° B. T. C. (Fig. § of reference 1.}
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45¢ B, T. C.; foel-afrratio, 0.11. (Fig. 15 of reference L)



NACA INVESTIGATION OF FUEL PERFORMANCE IN PISTON-TYPE ENGINES

1T 1 |
o ! ON-octane nurlnber! I Al
~.&—n PN-performance number 7

© LIH-blends of isooctane and
— n-hepfane containing 3.78 mf v
TELfgal [ /

g —.0—a LTH-blends of friptane and—!
5 n-hepfone containing 3.78 ml L / /
3 — TEL fgal
5 v LT7/-blends of fripfane and | / /
* -3 isooctane confaining 3.78 mi
S - ¥
2= TEL/gal A L7 /
o~ £
o] [N B
£< /‘ .
i : /
A
g§ /GBV/ \X/ %
s o
oM _4 ALY
gl A% [i771_1
g'%!l %/ A A
2 Vi
£u ,CWT LIH /
4. 8 -8 ///n 2L 7
0 d
o (/ i d
Q ]
()
S g \ oA r
2 (2
“a <0 80 120 160 200 240 280

Knaock-limifed imep at 225° F, [blsq in.
(a) Fuel-sir ratio, 0.085.

=36 -
o ON-ocfone number / /

& 0 AN-performarnce number

= & LIH-blends of isooctane ond / / /
£-32 n-~heptone containing 3.78 mf-

o TEL[gal / / /
o A LTH-blends of fripfane and

q n-hepfane containing 3. 78 ml /'[ /
~~28 TEL jgal /

B v LTI-blends of tripfane andi / LTT /
& iscoctane confaining 3.78 ml. /

N TEL jgat v/ / /
q

=24

. A A/

£ 2o VAV,

<]

N wY Y

% 7

z AL/l

% 7V

& /F;W/ / A/

“f &avAv

Q-2 Z

B D a4 /

L~ 4

& pd /A/ }/ /

5% ¥l ¥

~ /& oN i P > /]

9.

4-0d—k //o LA

9 - 3/034 /

e m| A

a 50 fao 150 200 250 300 350

Knock-limited imep at 225° F, Ibfsq in.
(b} Fuel-air ratfo, 0.11.

FrouRe II-6.—Variatfon of temperature sensitivity with knock-lfmited performance for
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engine speed, 1800 rpm; inlet-alr temperature, 225° F; coolant temperatore, 373° F; spark
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TABLE ITI-3.—A. 8. T. M. AVIATION RATINGS
FOR REFERENCE-FUEL BLENDS =

Composition, percent by volume b A, 8. T. M. Aviation Rating
Octane numher erfo
n-Heptane Isooctane Triptane or IsooctaTELne-l- P namber
106 ¢ 47 [
30 20 (-, I
60 40 6.3 54
40 60 85.3 65.5
20 &0 14 105
4] 100 3.78 151.3
. £ 20 4.0 152. 5
60 40 4.0 152. 5
40 60 4.0 152.3
20 &0 4.4 154.5
K 100 3.6 150.5
20 62 ] maoes
40 6.8 5.5
60 90.8 75.3
80 .85 123

a Tabla IIT of reference
ATl blends contained 3 58 ml TEL{gal.

Temperature sensitivity of reference fuels.—As a measure
of the temperature sensitivity of the reference-fuel combi-
nations, the slopes of curves similar to those In figure ITT4 -
for all the reference-fuel combinations were computed at
an inlet-air temperature of 225° F (standard A. S. T. M.
Supercharge conditions) and plotted against the knock-
limited mean effective pressures at the same temperature.
These plots were made for fuel-air ratios of 0.065 and 0.11
and are shown in figure ITI-6. A single curve was drawn
through each set of points (lean and rich} to illustrete the
variation of temperature sensitivity with knock-limited per-
formance for the various reference-fuel blends. The different
portions of the curve determined by individuel reference-fuel

. combinations are also indicated on figure IFH-6. .

Above the upper limit of the current performance-number
scale (fig. 11I-6), the sensitivity increases rapidly as the
knock-limited indicated mean effective pressure increases.
If this trend is generally true for service-type fuels, it is
apparent from this figure that such fuels having high knock
limits should be matched against leaded blends of triptane
and isooctance or triptane and n-heptane in order to have
reference fuels and service fuels of comparable sensitivity.
For lower performance fuels, however, any of the reference
scales indicated would be smtable from sensitivity consadera—
tions.

Temperature sensitivity of service-type fuels.—The effects
of inlet-air temperature on the knock-limited performance of
the service-type fuels (table III-1) were also investigated in
the A. S. T. M. Supercharge engine. The-slopes of the
temperature-sensitivity curves (reference 1) were computed
at 225° F and plotted in the same manner described for
figure IT1-6. The result is shown in figure ITI-7 with the
curves from figure JI1-6 reproduced for comparison.

The points representing service fuels (fig. I1I-7) lie pri-
marily above the curves established for the reference fuels.

This divergence is attributed to the fact that theservicefuels

are blends containing a number of different components;
whereas the reference-fuel blends are composed of only two
components. Insofar as a perfect rating scale is concerned,
the ideal condition would be for the service-fuel data to fall
directly on the reference-fuel curve. -



516 ' ' 'REPORT 1026—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

5’:_/. 2 " —
£ !
by 3
g 4
. 140200,
g T35075 | (58-5);
¢ (98-4) | oo| '/
Ny 130/t 60 Ji
Q /35-3} z
v =& 7
=Y #
<
g 120750
s -6 554 < 1 Y4675 |
S A |rarp-s2)
g 115/i45 |2
bt 100040\, YAN-F-33)¢
1 B_'I} A .
g;) =4 (S o} 9 ’,'
- 100030 ¥
5 (AN-F-28),
g 76/88
E (AN-F-28}5 | .~
L =2 -
5 o[ ~Curve representing temperature
1 sengifivity of reference-fuel blends
\% 0_,—-‘ (a)|  (reproduced from fig -6 (a))
1 i 1 1 1 1 L
9 40 80 120 160 200 240
Hnock~limited imep at 285°F, lbfsq in.
(a) Fuel-alr ratlo, 0.065.
=36 ;
I '."
s | 146175 o 1/
- (RAFD-52) © |}
- hi
E -28 r
g /
& 700030 |
u(\] B (AN—F—ZS} I’
=24 T30/TET
S {S8-3), 1
o i 0;7///40 ° I
IS =20 s81) ,”
o ;
D
2 /d 720/150
TE_ 16 ,“ (SB“Z}
;57 7750145 d
@ (AN-F-33),7
¢ 76/88 ',
3 (AN-F-26) e
§ =/é y
§ -
Y
% =08} = -
Y A ~turve Fepresenting temperature
) b sensitivity of reference-fuel blends A
& (reproduced From fig. -6 (b))
-4 o )
0 {b]
50 - 100 150 L2000 T 280 300

Hnock-limited imep at 225°F, Ibfsq in.

(b} Fuel-air ratlo, 0.11.

Fi16URE III-7.—Comparison among the temperature sensitlvities of reference-fuel blends and
service-type fuels in A, 8, T M. Supercharge engine. Compresion ratio, 7.0; engine speed,

1800 rpm; inlet-alr tamperature, 225° F; coolant temperature,
B. T, 0, (Fig. 18 of referefice 1.)

375° ¥; spark advance, 45°

| | [ I )
Sfoncliard inl‘ef*—a[ir‘ 'ﬁem;;erafurel
— for AS.TM. Superchorge engine
225° F |
160 et
e e .
—
150} —t == 1
]
a0 PO
a—t—T""] [
o] T
4 ]
b L LT T
g :/ \_B\ {
o N
g 120 Nominal grade \\\‘
g o 76/ 88 (AN-F-26) i
N o 1001130 (AN-F-28)
® o 1001140 (SB-1)
K Ho a 1185145 (AN-F-33)
¢ v 120]150 (SB-2)
v /370//60 (58-2)
N /351175 (SB-4) —
4 146]175 (RAFD-52)
100
o @] |- -
90¢
£
I} 30 R
2 . ™
Eend ], e
£3 =
35e 0 =
gs
Y
o ]
358, | TN
<R AN
;‘5_ . ;-'/ - ] N
< S I .y s
-~ |_o—
055 00—+ =~
b oIS “ a
'& _Ié - - ]
E\ ———T o <
8ty go
G S
RS
\g’—g
®
gg 80 — O+ —
- 162 1 ]
N 3 Q _
58 (b)
¢ 70 el —
v~ 8¢ =
0 - o T
% g 8, J —0— - Dl B 3
423% R
N
ég\ o 70
g E 2 o
0 Onecd
= =
Q&R 1
R3S 6g
100 40 180 220 260 300

Inlet-air femperature, °F

(a) Performence-number scale.
(b) Leaded iscoctane-n-heptane and leaded triptune-iscoctane scales.
(o) Leaded triptane-n-heptane scals,

F1aURE ITI-8.—Eflect of inlet-alr temperature on antiknock ratings of service-type fucls In
A, 8. T, M. SBupercharge engine at rich fucl-air ratlfo. Compression ratlo, 7.0; engine speed,
1800 rpm; todlant temperature, 376° F; spark sdvance, 45° B. T. C.; fuel-air ratlo, 0.11,
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TABLE ITI4.—A. 8. T. M. AVIATION AND A. S. T. M. SUPERCHARGE RATINGR OF SERVICE AND
SERVICE-TYPE FUELS IN TERMS OF SEVERAL REFERENCE-FUEL COMBINATIONS*

A. 8 T, M. Supercharge rating at fuel-air ratio of 0.066 A. S.T.M. Supercharge rating at fael-eir ratio of 0.11
Fuel deslgnation > A B.T.M. H o - a
gnd nominal grade Rating scale B Aviation rating ¢ Inlet-air temperature, °F Inlet-air temperature, °F
100° 150° 225° 250° 300° 100° 150° 225° 250° 300°
AN-F-26 Tmey o 134 114 o4 88 iy 159 163 158 152 145
(76/88) PR 91 95 o4 95 05 97 o7 [ 08 03 98
PN 76 85 82 85 8% 90 o0 03 93 03 03
LI 60 73 69 ;23 61 55 7 80 & 80 78
LTH 1} 60 58 56 55 58 83 66 [ 66 65
LTI —— - . _— — — - —— —— — —
AN-F-2§ Imep — 180 154 il 111 92 216 214 202 185 180
(100130} oN —- i - — —— —— —— o . a-- [
H PN 10L 112 110 0 110 109 125 130 127 125 119
| LIH 72 86 8t 8L 8 23 2 ] ] 92 89
LTH T2 72 71 68 67 a2 5 76 3 75 73
H LTI — —- —— — - — ——— — - - ———
3B-1 Imep . 184 148 104 85 83 231 225 22 . 207 193
(100/140} oN 99.3 . - — 99 99 100 ——— - i - -
PN 98 114 107 97 7 100 134 138 134 138 128
71 87 83 2 ar 59 05 a5 95 95 83
LTH 71 3 [} 61 59 56 8 78 T ' ™
LTT — — - —
AN-F-33 Im - 28 178 137 126 107 — 229 222 218 205
(115/145) OX — — e . . — - - —— e o
PN 115 138§ 120 121 122 — 138 140 14¢ 137
LIH o 95 o1 89 87 81 ——— a6 &7 7 03
LTH 7 80 76 73 72 0 — '] ™ 8 7
LTI - - —_— — . - - — — —_— —
SB-2 Imep ! 4T 212 143 131 109 260 257 249 244 21
(120/150) oN —— —— e e . e e e e e e
i PN 121 157 148 125 125 124 148 152 155 155 152
LIH 70 — o9 91 8 83 09 — - o —
LTH ™ — 75 7 70 — - . ——
LTI 7 —_ 5 _ 1
SB-3 Ime; —— 202 235 162 143 118 20 270 265 258 235
(130/160} o —— e - - - - e - — - —
PN 134 — 156 147 139 135 152 159 - 155
LH 88 — 09 95 80 - o -
LTH 86 .- - 78 b 74 . — _— - —
LTI - 16 9 - - - 4 14 13 4
SB+4 ep - — 262 189 168 126 — . 208 286 261
(135/175) ON ——— —— — - — - - — - — —
PN 141 - — — 160 146 o - — — —
LIE 1 - — e - a5 - — —— - -
LTH a1 — . e o T - - e - —
LTIL - - 24 15 ] - - _— 26 z
SB-5 Imey - — 207 195 173 - 133 — 209
(1407200} QX — —_— e - i e e —_— — - —
PN 143 - — —— — 155 —— - — - —
LIH 02 - — - - 100 - — - - —
LTH g2 — - - - 80 . — — — -
LTI — — 27 16 2 - - . — 44
RAFD-62 Ime - — 247 05 188 137 - a— T 278 262
(146/175) Q> —— . — o - - - — — —a- —
PN 147 - 160 — - — o —— - . ———
96 - o - . . - - - - .
LTH o6 — e - - - - — - ——— -
LTI ——- — 15 2 81 6 24 23
BAFD-53 Ime — - — 245 189 147 - —— - - 312
(153/192) [} — - o . - e o — - - -
PN 147 - — - — - - —— - ——- .
N LIH 96 — . - o - - — o . —
i LTH 86 - - - — —— I a— — - -
{ LTI — - — - 32 16 - a— - - 50
[
+ Table IV of reference i. . :
b Imep, knock-limited Indlcated mean effective pressure; ON, octane number; PN, performance number; LTH, blend of isooctans and n-heptane containing 3.78 ml TEL/gal; LTH, blend of

p
triptane snd n-heptane contalning 3.05 tal TEL/gal; LTI, biend of triptane and lsooctane containing 3.78 mi TEL/gal

¢ Qctane numbers and per!

Because this situation is improbable, the next best solution
must be for reference-fuel blends and service fuels to have
sensitivities of approximately the same magnitude at the
same knock-limited performance levels. The attainment of
this characteristic can be approached by the use of either
the joint reference scale, leaded triptane-isooctane and leaded
isooctane-n-heptane, or by the leaded triptane-—n-heptane
scale (fig. ITI-7).

In evaluating the merits of a rating scale, however, three
factors other than temperature sensitivity must be con-
sidered, namely that the scale should:

(1) Be a continuous scale

formance numbers obtained by the standard A. S. T. M. Aviation rating procedure. Ratings In terms of other scales estimated from fig. m—s(a)_. i

(2) Involve & minimum number of reference fuels
(8) Cover the complete range of knock-limited perform-

ance likely to be encountered with a variety of service fuels.

In figures ITI-6 and ITT-7, it has been shown that both the
leaded triptane—n-heptane scale and the joint scale of leaded
isooctane-n-heptane and leaded triptane-isooctane have the

817

last of these characteristics. Only the leaded triptane—

n-heptane scale, however, possesses the first two cheracter-

istics as well; consequently, this scale appears to be the most

practical choice. The problem of availability of reference
fuels is obviously important but is beyond the scope of the
investigation reported in reference 1.



518 . REPORT 1026-—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

420 5
Ny
N
0 Fuels from previous
research . ) \
400 O Fuels from current — —C N
investigation \
:m Appr‘ox:mafe ronge of : \\
- -fuel-air rotio in o DN
whioh ratings are mode ' \
Rich mixture peaks , : \
360 - N
o N
N
, o o of &\\
N
360 - \\\\
o © ; \\\
o g k\\\
¢ - N
-~ 340 N
o \ 1
}
g - o : \\ S J.’
o N~ -Highest knock-limited
2 \ imep that can be ob-
E o ” Q\ tained with leaded
=920 NN blends of triptane
E : and n-heptane with-
RN o o - k\ out occurrence of -
_'\g 5 s preignition
; % . N
o o) (o] AN
g 300 153/ 192 ) —— N
X (RAFD-53) | © ° ] ~~
0 l\\ 1351175
NN
i
_ 1\\ [~ /461175
280 - \§ (RAFD-52)
o /401200 ’——\\\
AN /
5 , ;\\Q‘
\ - -Knock-limited imep
\ equivalent to per-
240 N formance number
: _ \\ of 161
' BN
220 : & _
.06 07 .a8 .09 10 Ji =

Fuei-air raotio

FI1GURE 1119 —Maximum knock-imited mean effective prossures attainable for various fuels by A. 8. T. M. Bupercharge method without encountering preignition. Compression ratio,
'7.0; engine speed, 1800 rpm: Inlet-air temperatare, 225° F; coolant temperature, 875° F; spark advance, 45“ B.T.O. (Fig. 21 of referenco 1.)



NACA INVESTIGATION OF FUEL PERFORMANCE IN PISTON-TYPE ENGINES

Ratings of service-type fuels.—The 10 service-type fuels
were assigned ratings in terms of the 5 reference scales
examined in this investigation. These retings ere given in
table TIT—4 for standard A. S. T. M. Aviation conditions and
for A. S. T. M. Supercharge eonditions at five inlet-air
temperatures and two fuel-air ratios. The ratings in this
table were determined for comparing the constancy of the
assigned ratings by the different rating scales over a range
of conditions established by varying inlet-air temperature.
This comparison is presented in figure IIT-8 for the
A. S.T. M. Supercharge engine at & fuel-air ratio of 0.11.

These figures alone cannot serve as a basis for choosing
the best reference scale because the constancy of an assigned
rating from one set of operating conditions to another is

largely dependent upon the relative sensitivities of reference-

fuels and test fuels previously discussed.

Limitations of reference scales—In the preceding dis-
cussion, it has been stated that in many cases knock-limited
indicated mean effective pressures were not cbtained for
- some of the higher-performance service-type and reference
fuels investigated in the A. S. T. M. Supercharge engine.
The attainment of complete data for high-performance fuels
was hampered throughout the investigation by the tendency
of these fuels to preignite in the A. S. T. M. Supercharge
engine. The engine operator at all times obtained as much
of the mixture-response curve as possible before the start of
preignition (see ch. IV); for some fuels, however, points
richer than a fuel-gir ratio of about 0.08 could not be taken.
Inasmuch as the peaks of the curves were not obtained,
ratings could not be made in the fuel-air-ratio range -char-
acteristic of the standard A. S. T. M. Supercharge method.

Preignition occurred with the high-performance fuels re-
gardless of the condition of the engine; changing the type
of spark plug feiled to prevent preignition.

Preignition was encountered so frequently that early data
obtained in the NACA laboratories were examined in order
to define the range of indicated mean effective pressure in
which preignition is likely to occur in the A. S. T. M. Super-
charge engine. The results of this study are presented in
figure I1T-9, together with data from the present investiga-
tion. Each point on this plot represents the richest point
of a mixtureresponse curve that could be obtained before
the occurrence of preignition. It is seen in figure I11-9-that
with several fuels it was possible to resch preignition-free
performance at indicated mean effective pressures greater
than 400 pounds per square inch; however, a number of
fuels preignited at levels below 400 down fo about 258
pounds per square inch. In most cases, the Iimiting fuel-air
ratios were leaner than the fuel-air-ratio renge in which
A. S. T. M. Supercharge ratings are usually made.
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Inasmuch as preignition imposes a very real limit on an
A. 8. T. M. Supercharge rating scale at a rich fuel-air ratio,

the maximum indicated mean effective pressures that cen _ _

be obtained with cuwrrent and proposed reference scales are

indicated in figure III-9. The difference between scales is

about 75 pounds per square inch indicated mean effective
pressure; the adoption of either reference scale utilizing
triptane as one of the components will thus extend the range

in which “direct-match” ratings can be made by about 75

pounds per square inch. Even then there will be some
fuels (as indicated by preignition test points in fig. II1-9)
that cannot be rated in this range.
the five service-type fuels exceeding a performance number

ratios of 0.10 and 0.12 in fig. II1-9). The remaining two
fuels having performance numbers over 161 preignited at
fuel-air ratios leaner than 0.08 (indicated by the square data
points on fig. II1-9).

If the A. S. T. M. Aviation and A. S. T. M. Supercharge _T

engines are to continue in use as the standard fuel-rating
engines, the advantages to be gained by the adoption of
new reference-fuel systems utilizing triptane are clearly
questionable, as pointed out by the authors of reference 1.
The present scale of performance numbers has been shown
to permit ratings for fuels up to a petformance number of 161
in the A. S. T. M. Aviation engine; triptane plus 3.78 ml
TEL per gallon, which represents the maximum perform-
ance of either of the proposed reference-fuel combinations,

In fact, only three of  _

of 161 could be rated (shown as solid lines between fuel-air  _

permits ratings only up to a performance number of 151.

Moreover, .in the A. S. T. M. Supercharge engine the tenden~
cies of many high-performance service-type fuels and high-
performance reference-fuel blends to preignite makes the

advantage of extending the range in which ratings can be -

made in this engine somewhat uncertain.
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CHAPTER 1V ~
PREIGNITION

Over a period of years research directed toward increasing
engine power has been paralleled by research in engine cool-
ing. This pattern of investigation arises from the occurrence
of mechanical failures in engine cylinders when certain
established temperature limits are exceeded. Opinions vary
as to the principal danger of high cylinder temperatures;
however, final cylinder failure obviously results from high
temperatures, high pressures, or both (reference 1). The
initial cause of failure may be knock, preignition, or failure
of sealing devices, such as piston rings and valves, but the
sequence in which the events leading up to failure occur will
vary with operating conditions, design features, and fuel.

In an effort to clarify the exact roles played by these factors
in service operation, this chapter presents & discussion of
NACA investigations in which the characteristics of pre-
ignition are studied and the relation of preignition and knock
to engine temperatures is analyzed.

CHARACTERISTICS OF PREIGNITION

Preignition and knock.—A hot spot in an engine cylinder .

may cause ignition of the fuel-air charge in the cylinder prior
to ignition by the spark plug. This phenomenon is known
as preignition, Preignition and knock are separate phenom-
ena, as indicated by Rothrock and Biermann (reference 2).
If, as suggested by this investigation, the occurrence of
lknock depends upon the density and the temperature of the
last portion of the charge to burnp, it is reasonable to assume
that preignition which causes the end gas to burn nearer top
center also tends to promote fuel knock, whereas preignition
which causes the end gas to_burn well before top center may
lessen the possibility of fuel knock. In reference 1, this
theory is thus concluded to provide one explanation of why
preignition is often accompanied by knock and why, in other
cases, in which preignition may be severe enough to cause
immediate engine failure, fuel knock may not be present. . A
specific case of this nature is reported in reference 3.

Run-away and stable preignition.—Run-away and stable

preignition are defined by Hundere and Bert (reference 4) in
terms of the rate of increase of the hotspot temperature and
the required temperature for surface ignition. If,for example,
the hot-spot temperature increases much more rapidly than
the required surface temperature for ignition, run-away

preignition occurs. When this situation exists, the ignition |

of the fuel-air charge may advance more and more until
ignition takes place in the intake duct; a backfire then occurs.

On the other hand, stable preignition is obtained when the
required surface temperature for ignition increases more
rapidly than the actual hot-spot temperature. A point is
then reached where the required temperature and the actual
temperature are equal, and stable ignition occurs. In this
case, the ignition system may be inoperative and the engine
will operate normally; ignition is then accomplished solely by
the bhot spot in the cylinder. o .
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Preignition characteristics vary with fuel type; for some
fuels, such as benzene, preignition may become severe
enough to wreck an engine cylinder so quickly that no ap-
preciable increase in temperature or decrease in engine output
can be observed.

EFFECTS OF ENGINE YARIABLES ON PREIGNITION

An investigation reported by Corringion and Fisher
(reference 5) was undertaken to obtain information on the
behavior of an engine during preignition operation. Spark
plugs of various heat ranges were used as sources of pre-
ignition in most of the tests of reference 5. In some cases,
however, preignition was excited by exhaust valves. A valve
having a badly corroded head was installed in place of the
Nichrome coated valves normally employed; cold-operating
spark plugs were used.

Preignition was excited at various fucl-air ratios, power
levels, engine speeds, and mixture temperatures.

The investigation reported in reference 5 was made in a
single, liquid-cooled engine cylinder. The setup consisted
of a multicylinder engine block mounted in sueh a manner
that any one cylinder could be used. Details of the installa-
tion and the methods of instrumentation sre deseribed in
references 5 and 6.

Reproducibilify of preignition runs.—Cylinder design and
the location and heat capacity of the preignition source are
factors that influence the behavior of an engine during pre-
ignition operation. Reproducibility of preignition data will
be imperfect, however, even if these factors and all operating
conditions are held constant. For the studics in which spark
plugs initiated preignition (reference 5), the cause of ir-
reproducibility was the time required for the preignition {o
advance from normal spark timing to a point about 60°
B. T. C._ On occasional cycles, & run would start with
ignition & few degrees early. The ignition time became
earlier as the cycles with early ignition occurred more fre-
‘quently. Cylinder temperature rose slowly during this
period of operation. When the ignition time had advanced
to about 60° B. T. C., the preignition process was greatly
accelerated and successive runs were fairly reproducibie.
The time required was 30 to 60 secconds for preignition to
become advanced to this critical value (80° B. T. C.}. Tiis
suggested in reference § that this variation in time to reach
the critical value may result either from changes in condition
of the spark plug due to deposits and corrosion or errors in
setting the engine conditions.

Typical preignition runs.—Data from typical preignition
runs are shown in figure IV-1. The location of the zero
point on the abscisse has no significance inasmuch as the
curves were adjusted on the time secale so that the points
coincided where preignition became rapidly accelerated.
This arrangement eliminates the period of poor reproduci-
bility from consideration.
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F1avRE 1V-2.—Full-scale single-cylinder test-engine induction system. (Fig. 2ofreference 8.}

The curves in figure IV-1 represent the averages of the
individual runs and may be considered typical of engine
operation during preignition at a given set of conditions.
All curves discussed in succeeding paragraphs have been
obtained in the same manner from several runs at each
operating condition.

The preignition run in figure IV-1 was terminated by back-
firing, as was true for most of the runs conducted in reference
5. Backfiring occurs when the time of ignition is considerably
earlier than that at which the intake valves close (118°
B. T. C.). The flame cannot pass into the induction system
unless-a' pressure rise occurs sufficient to slow down or to
reverse the flow through the intake valves.

After & backfire, the fuel-air charge in the vaporization
tank (fig. IV-2) burned and the resulting pressure rise caused
reversal of the air flow at the tank entrance. Because the
fuel was injected at this point, the flame burned out quickly.
Combustion in the cylinder was reestablished after about 1
second, but the preignition source was sufficiently hot to
cause early ignition again. Backfiring continued at intervals
until a change in the operating conditions cooled the pre-
ignition source. '

At high power output and fuel-air ratios leaner than 0.095,

preignition caused backfiring. Preignition was stable at
richer mixtures and ignition occurred near bottom center.
Effect of fuel-air ratio on preignition.—Fuel-air ratio, be-

cause of its influence on combustion tempersatures and rate

of burning, is one of the important variables to be considered
during preignition operation. The effect of fuel-air ratio on
preignition is illustrated in figure IV-3. As scen in figure
IV-3, the time of ignition at the lean fuel-air ratio (0.070)
advanced to about 220° B. T. C. (40° B. B. C.) about 7
seconds after the start of the rapidly advancing preignition
period. The time of ignition at the start of this period was
about 48° B. T. C. At the rich fuel-air ratio (0.099), the
time of ignition advanced less rapidly than at the lean fuel-air
ratio and became stable at about 150° to 160° B. T. C. No
backfire occurréd at the rich fuel-air ratio.

The increase in peak pressure was about 20 percent at the
lean fuel-air ratio and 25 percent at the rich fuel-air ratio;
according to reference 5, however, these increases are in
doubt because of scatter ip the experimental data.

The power output (fig. IV-3) dropped sharply during the
period of preignition. During the same period the eylinder-
head temperatures increased sharply. As pointed outi in
reference 5, the piston temperature might be expected to
follow curves similar to those shown for the cylinder-head
temperature with the possibility that the temperature rise

" might be even greater.

Effect of power output on preignition.—The ecffect of
engine power level on preignition is shown in figure IV—-4.
In order to obtain these data, it was necessary {reference 5)
to use spark plugs of three different heat ranges. The results
of these tests indicate that the time before backfiring increased
as the power level decreased. This result is consistent with
the decrease in cyclic temperatures asthe power decreased, as
indicated by the cylinder-head temperatures (fig. IV—4).
The percentage increage in peak cylinder pressures increased
as the power level decreased.
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Effect of engine speed on preignition.—Preignition data
obtained at two engine speeds are shown in figure IV-5.
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These two runs were made at about the same power level.
Backfires were encountered in both cases at about the same
time of ignition (195° B. T. C.).

The peak cylinder pressure inereased sbout 15 and 25
percent at engine speeds of 2000 and 3000 rpm, respectively.
This difference can be partly explained by the increase in the
heat transferred per cyele at the lower engine speed. (See
reference 5.) The cylinder-head-temperature rise (fig. IV-5)
was less at, the lower speed because backfiring occurred sooner.
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Effect of mixture temperature on preignition. —Little

difference was found in the preignition behavior of the
engine that could be attributed to the influence of mixture .

temperature (fig. IV-6). At a2 mixture temperature of
175° F, the peak pressures were thher than at 275° F.
The t1me-of-1gmt10n curve at 275° F is incomplete because
of difficuliies with instrumentation. (See reference 5.)
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(a) Piston fallure. Clearance between top of piston skirt and cylinder barrel, 0004 ineh
less than normal; Imep, 271 pounds per sqguars Inch; fuel-afr ratic, 0.098.

F16URE 1V-8.—Exhuust-side view of pistons after preignitlon rans, -~(Fig. 12 of reference &.)
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{b) Piston fullure. Clesrance between top of piston skirt and cylinder barrel, normal (0.021
in.); imep, 304 pounds per square inch; fuél-air ratio, 0.004.
FicURE IV-8,—Qontinaed. Egxhaust-side view of pigstons after preimltion runs. (Fig. 12
of reference 5.}

a

(¢) Piston fallore. Clearance between top of piston skirt and cylinder burrel, 0,005 inch
greater than normal; imep, 364 poumds per square inch; fuel-alr ratio, 0.004.
Firovre 1V-8.—Contlnued, Exhaust-side view of plstons after preignition runs. (Fig. 12
of reference 5.}

{d) Undemaged piston, Clearsnce betwoen top of piston skirt and cylinder burrel, 0.013
ineh greater ther normal; Imep, 302 pounds per square Inch,

Fiaure IV-8.—Concluded. Exhsvpst-side view of pistons after preignition runs. (Fig. 12
of reference 5.}

Effect of ignition source on preignition.—In order to
evaluate the effect of ignition source on preignition, two runs
were made that employed a hot spark plug in one case and
a hot exhaust valve in the other. The resulting dats are
shown in figure IV-7. - Preignition advanced more slowly
with the exhaust valve as the source; however, backfire was
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(a} Exhaust valve sfter run of figure I'V-8 (b). (Flg. 14 of reference 5.)
FraurE IV-9—Damage to engine components during piston failures in prelgnition runs.

encountered sooner when the spark plug initiated the preig-
nition. The peak-pressure increase and the power decrease
were greater when the spark plug served as the source of
preignition.

Types of failure caused by preignition.—Typical examples
of piston failures are shown in figure IV-8. These failures
occurred in runs with reduced piston cooling and at generally
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higher power levels than those of the runs described in the
preceding paragraphs.

" The first failure (fig. IV-8 (a)) resulted from & run in

which the clearance between piston and cylinder was about
0.004 inch less than normal (0.021 in.) for the engine.
this case the piston seized and the side of the piston melted.
With normal clearance (fig. IV-8 (b)) a higher power level
was necessary to cause failure. This failure differed from
the feilure shown in figure IV-8 (a) in that local melting
took place In the center of the piston crown. The failure

shown in figure IV-8 (¢) resulted from a run with the clear- -

ance 0.005 inch greater than normal. More local melting
in the center of the piston crown was found with this clear-
ance than was found in the run with normal clearance
(fg. IV-8 (b)). In the last run (fig. IV-8 (d)), the clearance
was increased 0.013 inch greater than normal and séizure
and subsequent failure were not experienced at the power
level investigated.

Examples of feilures to other eylinder parts are shown in
figure IV-9. The eshaust valve (fig. IV-9 (2)) burned
during the run in which the piston failure in figure IV-8 (b)
was encountered. The valve failure is attributed (reference 5)
to perticles of eluminum or other substance lodging be-
tween the valve and the valve seat.
(fig. IV-9 (b)) was damaged when the piston shown in figure

IV-8 (c) failed. The hot gases caused burning through the

barrel into the coolant passage.

(b} Cylinder barrel after run of figure IV-8 (¢}. (FIg. 13 of reference 5.)

FraureE IV-9.—Concluded. Damage to engine components during piston faflures In pre-

In

The cylinder barrel.
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FI6URE IV-10.—Diagram of CFR cylinder used in small-scale engine studfes of fuel pre-
ignition limits. (Fig. 1 of reference 10.)
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(a) Finned hot spot. (Flg. 2 of reference 10.)
(b) Open-tubse hot spot. (Fig. 8 of reference 10.)

Fraurk IV-11.—Hot spots employed in preignition studies.

PREIGNITION CHARACTERISTICS OF FUELS

The nature of preignition and the behavior of an engine
during preignition operation has been discussed ; the influence
of fuels on preignition is now considered. The fundamental
relations that govern the preignition of fuels are studied in
references 7 to 9. The results as cited by Male and Evvard
{reference 10) indicate that the hot-spot ‘‘threshold” tem-
perature required to produce preignition is relatively insensi-
tive to fuel composition. The ability of & fuel to heat an
engine hot spot to the preignition temperature by normal
or surface combustion, however, was found dependent upon
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Yigure IV-12.—Preignition lmits of faels In supercharged CFR engine. Comprestion
ratio, 7.0; engine speed, 1800 rpm; Inlef-alr temperature, 100° F; eoolant temperature, 250° F;
spark advance, 32° B, T. C.; preignition source, finned hot spot. (Fig. 4 of reference 10.)

fuel composition, operating conditions, and design of engine
and hot spot.

The investigation reported in refercnce 10.was intended to
demonstrate the preignition-limited performance of several
fuels. A later investigation reported by Male (reference 11)
illustrates how the preignition-limited performanece of fucls
is affected by engine operating conditions. Both these in-
vestigations were conducted on small-scale engines.

Preignition limits of several fuels,.—For the study of pre-
ignition-limited performance of fuels (reference 10}, & super-
charged CFR engine with an aluminum piston arnd a sodium-
cooled exhaust valve were used. The intake valve was
shrouded (180° shroud) and was installed as shown in figure
IV-10. TAccording to reference 10, the shrouded valve aids
in isolating the effects of preignition from the effects of knock.
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FIGTRE IV-13.—Preignition limits of faels in supercharged CFR engine. Compression
ratio, 7.0; engine speed, 1800 rpm; inlet-air temperature, 225° F; coclant temperature,
250° F; spark advance, 20° B. T. C.; prelgnition source, open-tube hot spot. (Fig. ¥ of
reference 10.)

This fact is substantiated by unpublished date showing that
& shrouded intake valve decreases the sensitivity of thermal-
plug temperstures to knock. In order to follow the changing
pressure diagram during preignition and to detect knock, a
magnetostriction pickup unit was used in conjunction with
a cathode-ray oscilloscope. The position of this pickup
unit is shown in figure IV-10. (See reference 10.)

The two types of hot spot used in reference 10 are shown in
figure IV-11. For tests in which the finned hot spot (fig.
IV-11 (a)) was used, the inlet-air temperature was 100° F
and the spark advance was 32° B. T. C. The inlet-air
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temperature was 225° F and the spark advance 20° B. T. C.
for the tests in which the open-tube hot spot (fig. IV—11 (b))}
was used.

Preignition-limited performance date for five fuels at two
sets of engine conditions are shown in figures IV-12 and

| TV-13. In general, the curves of preignition-limited indi-
cated mean effective pressure have similar shapes with the

minimum power points occurring at fuel-air ratios richer
than stoichiometric. Between fuel-gir ratios of about 0.070
to 0.085 the relative performance of the fuels in order om
decreasing performance was

S reference fuel4+4 ml TEL/gal
AN-F-29 (100/140 grade)

S reference fuel

Benzene .

Diisobutylene

The over-all spread in indicated mean effective. pressure for
the five fuels was greater in figure IV-13 than in figure IV-12.
This difference and the change in order of benzene and
diisobutylene at mixtures richer than 0.085 is’ attributed
(reference 10) to differences in the hot spots, or conditions,
or both.

In figures IV-12 and IV-13, the reproducibility of preig-
nition data is demonstrated by check points on.the curve
for unleaded S reference fuel. The deviations of the data
points from the faired curve are about the same as those
found in determinations of knock-limited performance.

At constant inlet-air pressures, the maximum thermal- .

plug temperatures were determined for the fuels (reference 10).

This step was considered necessary because the ability of a

fuel to increase general engine temperatures might affect the
preignition characteristics of the fuel.
fuel-air ratios (fig. IV-12) and thermal-plug temperatures
at corresponding inlet-air pressures are shown in the follow-
ing table:

_ Inlet-sir pressure, in. Hg abs
' 20 20 0
Fuel
Thermal-] Preig- |[Thermal-| Preig- |Thermal-! Prelg-
plug nition- plug nition- plog nition-
temper- { Iimited | temper- | limited | temper- | Umited
gture » | fuel-afr | atures | fuslair | atores i fuelelr
(¢ F) ratio b CCF) ratio b CF ratio b
Benzene________.___. 561 0.123 a89 0.138 T6L 0. 141
Diiscbutylene ____... 541 .106 640 123 736 .133
S reference fuel ___... 529 083 6L 110 atl 118
AN-F-29 e .- 837 089 641 114 728 125
8 reference fuel+-4 ml
TEY e eeeeeem 520 | oo 31 108 7L .18

s Observed at fuel-alr ratio for maxfmum thermal-ping temperature.
b Data taken from fig. TV-12.

It was concluded (reference 10) from these data that

thermal-plug temperatures do not offer & dependable basis
for establishing fuel preignition ratings. This conclusion

was drawn from the investigations of S reference fuel in_.

which it was found that the same thermal-plug temperatures

Preignition-limited

were obtained with and without ietraethyl lead, although

the preignition-limited-performance curves were different

(Bg. IV-12).
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The presence of tetraethyl lead in S reference fuel ap-
pears (fig. IV-12) to increase the preignition-limited per-
formance. A similar investigation in which triptane was
used showed the same trend (fig. IV-14). Also shown in
figure IV-14 is a curve representing the preignition-limited
performance of AN-F-28 (28-R} aviation gasoline. The
preignition-limited performance of this fuel is very nearly
the same as that of triptane containing 4 ml TEL per gal-
lon. This result is of interest inasmuch as the knock-
limited performance of triptane is congsiderably greater than
that of AN-F-28 fuel under most operating conditions.
(See ch. II.) A curve for S reference fuel is included in
figure IV-14 for comparison. This curve was determined at
the time of the triptane and AN-F-28 runs and is slightly
different from the S reference fuel curves in figures IV-12
and IV-13.

Prexgmnon limits of aromatic amines. -—-The eﬁect.s of six
aromatic amines on the pre1gmt10n—11m1ted performance of
AN-F-28 (28-R)} fuel were investigated in reference 12.

U T T 1 e |
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F1oUuRk 1V-14,—Comparison of preignition limits of triptane (lvaded and unleaded) with
preignition limits of other fuels in supercharged CFR engine. Compression ratio, 7.6;
engine gpeed, 1800 rpm; Inlet-alr temperatare, 225° F; coolant temperature, 250° F; spark
advance, 20° B. T..C.; prefgnition §ource, open-tabé hot spot. (Fig. 6 of reference 10.)
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In this study, blends of AN-F-28 (28-R) fuel containing 2

percent by weight of the following amines were prepared and

tested: xylidines, cumidines, N-methylxylidines, N-methyl-

cumidines, N-methylaniline, and N-methyltoluidines. A

CFR engine was used for these experiments. Pertinent

details of the setup have been mentioned in connection with

the runs shown in figures IV-12 to IV-14. A more com-

plete description is presented in reference 11.
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FiaorE IV-16.—Effect of spark advance on preigoltion limits in supercharged CFR engine.
Compression ratio, 7.0; engine speed, 1800 rpm; infet-air temperature, 225° F; coolant tem-
perature, 250° F; prelgnition source, open-tube Lot spot. (Fig. 15 of reference 11.)

The results of the investigation of reference 12 are pre-
sented in the following table in the form of ratios of pre-
ignition-limited indicated mean effective pressures of the
six blends to that of AN-F-28 (28-R) fuel. This basis of
comparison was chosen in order to eliminate effects of
day-to-day variations in performance of the engine as well
as differences arising from changes in the hot spot.
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engine. Compression ratio, 7.0; engine speed, 1800 rpm; coolant temperature, 250° F;
spark advance, 20° B. T. C.; preignition source, open-tube hot spot. (Fig. 16 of reference 11.)

Fuel-gir ratio
Aromatlc amine added to
AN-F- 28 (2S-R) (2 percent 0.08 0.07 0.08 0.09 ¢.10
by weight
| fmep ratifo =
1.00 LO0 L00 1.00
.08 .08 .99 Lol
.92 .04 .97 .00
.95 .68 1.00 Lo2
.98 .68 .99 L0
o] .01 .8 g1 91
Nmethylcumld[nes .90 .86 .7 .99

= Ratlo of fmep of blend to imep of 25-R fuel.

Of the aromatic amines examined in reference 12,
l\-methylaniline a.nd N-methy]xy]idines hed the highest
accuracy of these tests the pre1gmt1on limits of these two
aromatic amines appear to be equal to the preignition limit

v o
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of the base fuel, AN-F-28 (28-R). At lean fuel-air ratios,
the remaining aromatic amines lowered the preignition limit
of AN-F-28 (28-R) fuel about 2 to 10 percent. At rich
fuel-air ratios, the cumidines lowered the preignition limit of
AN-F-28 (28-R) fuel about 9 percent, whereas the other
aromatic amines had little or no effect on the base fuecl.

EFFECT OF ENGINE YARIABLES ON PREIGNITION-LIMITED PERFORMANCE

The influence of engine operating variables on preignition-
limited performance is illustrated in reference 1i. The
study was made in a supercharged CFR engine; the follow-
ing three fuels were used: S reference fuel, diisobutylens,
and benzene. The hot spot was an open-tube type. (Seo
fig. IV-11 (b).)
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Effect of compression ratio on preignition limit.—The
variation of preignition-limited indicated mean effective
pressure with compression ratio is shown in figure IV-15.
For the three fuels examined, the preignition-limited per-
formance decreased as the compression ratio increesed.
At the stoichiometric fuel-air ratio, this change for the
fuels varied between approximately 7 and 12 pounds per
square inch per unit change in compression ratio. The
decrease in preignition limits may be attributed to the
increase in cyclic temperatures as the compression ratio is
increased.

Effect of spark advance on preignition limit.—In figure
IV-16, the preignition-limited indicated mean effective
pressure is seen to decrease as the spark was advanced.

Among the fuels this decrease was about 0.5 to 4 pounds per -

square inch per degree of spark advance at stoichiometric
mixtures. The magnitude of this spread in indicated mean
effective pressure among the fuels results from the fact that
the sensitivity of diisobutylene to changes of spark advance is
so different from the sensitivity of the other fuels (fig. IV-16).

Effect of inlet-air temperature on preignition limit.—The
effect of inlet-air temperature on preignition-limited perform-
ance is illustrated in figure IV-17. The slopes of the curves
for the three fuels are very similar. At stoichiometric
mixtures, the decrease in preignition-limited indicated mean
effective pressure in these experiments was about 0.1 to
0.3 pound per square inch per °F. Here again the decrease
in preignition limits can be attributed to increased cyclic
temperatures.

Effect of coolant temperature on preignition limit.—The
effect of coolant temperature on preignition limits of the
three fuels was determined by using three different coolants
in an evaporative cooling system. The coolants used were
water, ethylene glycol, and a mixture of water and ethylene
glycol. The results of these tests are shown in figure IV-18.

As shown in figure IV-18, the preignition-limited perform-
ance decreased as the coola.nt temperature was increased;
however, as empheasized in reference 11, the effect is not
solely a temperature effect but includes aiso the effect of
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differences in heat-transfer characteristics of the three
coolants.
Effect of engine speed on preignition limit—The results

of runs in which the effect of engine speed on preignition-

limited performance were investigated are shown in figure
IV-19. Many of these curves, especially those near stoich-
iometric mixtures, pass through & minimum. A$ the
stoichiometric mixture, minimum values of preignition-
limited indiceted mean effective pressure were found at
engine speeds between 1500 and 2100 rpm.
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CHAPTER V
HYDROCARBONS AND ETHERS AS ANTIKNOCK BLENDING AGENTS

Improvements in aircraft power plants during the past 30
years have resulted in demands for fuels of increasingly high
antiknock performance. This trend has necessitated a
thorough investigation of possible high-antiknock com-
pounds that may or may not occur naturally in petroleum.
The task of surveying an endless procession of possible fuel-
blending agents has fallen to the petroleum industry and
interested research groups. Through the combined efforts
of the organizations concerned, a large quantity of data has
been amassed. These data permit an accurate appraisal of
the merits of many chemical compounds heretofore given
little more than cursory consideration as fuel-blending
agents,

As a participant in this feld of research, the NACA in 1937
sponsored & project by the National Bureau of Standards for
the preparation of 1-liter quantities of selected paraffins and
olefins. The engine evaluation of the antiknock qualities of
these compounds was first conducted under the sponsorship
of the American Petroleum Institute (API) and the results of
this work have been reported by Lovell (reference 1). In
addition, the API has sponsored a synthesis program con-
ducted at the laboratories of Ohio State University. All
these programs have been continued up to the present and
were augmented during 194247 by additional synthesis and
engine eveluation at the NACA Lewis laboratory.

The synthesis project at the National Bureau of Standards
has been devoted to compounds in the paraffinic and olefinic
classes; the synthesis project at the NACA Lewis laboratory
has been deveoted to compounds in the aromatic and ether
classes; and the synthesis program at Ohio State University
has been devoted to compounds in these and other classes.

The engine evaluation of pure compounds sponsored by
the API was conducted in laboratories of the General
Motors Corp. and the Ethyl Corp. The engine evaluation
of blends reported in this chapter was conducted at the
NACA Lewis laboratory.

Results of the NACA study of paraffins, olefins, aromatics,
and ethers are published in a number of reports (references 2
to 14); each report contains data for several compounds on
factors such as blending characteristics, temperature sensi-
tivity, lead response, and relation between molecular
structure and antiknock ratings. In the succeeding sections
of this chapter the effects of molecular structure on these
factors of performance are discussed.

ENGINES AND EXPERIMENTAL CONDITIONS

The engine evaluation of the antiknock characteristics of
organic compounds was conducteéd in four test engines: (1)
& CFR engine conforming to specifications for the A. S. T. M.
Aviation method (D614-47T) for rating fuels; (2) CFR

engine conforming to specifications for the A. S. T. M.

Supercharge method (D909—47T) for rating fuels; (3) an
engine having a displacement of 17.6 cubic inches (about
half that of a CFR engine) and popularly known as the 17.6
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engine; and (4) a full-scale air-cooled aircraft eylinder
mounted on a CUE crankease.

The 17.6 and A. S. T. M. Supercharge engines were
equipped with dual fuel systems, one line for the “warm-up
fuel” and one for the test fuel. Knocking was detected in
both engines by means of a cathode-ray oscilloscope in con-
junction with a magnetostriction pickup unit.

The full-scale single-cylinder test engine was fitted with
baffles and cooling air was directed toward the cylinder in
order to simulate cooling conditions in flight. Further
details of the full-scale installation are given in reference 2.

Pertinent operating conditions for the various engines are
presented in table V-1. The 17.6 engine was operated at
two inlet-air temperatures, 100° and 250° F, in order to
obtain an indication of the sensitivity of fuels to changes in
temperature. When the inlet-air temperature was varied,
all other conditions were held the same as shown in table V-1

TABLE V-1.—ENGINE OPERATING CONDITIONS

s : Engine
t_: et i Fuu-sctﬂeglnglo
onditlon nder
e A8 T, M, [ASTM| ol
17.6 “Aviation Buper-
eATBC {gimyulated|Stmulatod
tale-off [ crudsa
CompresEI‘én ratfo.. .- 7.0 Varfable 7.0 7.3 7.3
etai.rtempemtu:e, 3 ;% 126 225 250 10
Inalet-mlxture temperature, | ...... b7 | IS U NSRSV S,
Inlet-air Dressure...cecaee... Variable Atmos{\"'hedc Variable | Varlable | Variable
Fuelmmtlo ............. Variabla » 0,07 Varlable | Varlable | Yarfable
E? .................. 1800 ;. 1200 1300 2500 2000
- Cpark vance, deg B. T. C.. 30 35 45 2020 @m0
laut temperature, °F. 212 374 376 | ccvm | e
ing ~air temporatux_'e,"’ ................. P 85 8%

= Approximate.

b Qooling-alr flow was determined by running engine ot brake niean effective pressure of
140 1bfaq In. and fuel-alr mtla of 0.10 and by ad]usting air flow until temporature of rear spark-
plug bushing was 365°

The conditions shown in table V-1 for the A. S. T. M.
Aviation and A. S. T. M. Supercharge engines are standard
for these engines when antiknock ratings are being de-
termined. As indicated in table V-1, the A. S. T. M.
Aviation engine is a nonsupercharged engine in which the
compression ratio is varied in order to determine the knock
limit of a given fuel at 2 lean fuel-air ratio with all conditions
other than compression ratio held reasonably constant. On
the other hand, the A. S. T. M. Supercharge engine is
operated with aH conditions except inlet-gir pressure and
fuel-air ratio held constant. Knock limits are determined
by varying the manifold pressure until knocking occurs.
Although the fuel-air ratio can be varied for this engine,
antiknock ratings are made at a rich fuel-air ratio, usually
about 0.11. The A.S. T. M. Aviation method (lean ratings)
may thus be indicative of fuel performance at cruise condi-
tions; whereas the A. S. T. M. Supercharge method (rich
ratings) may be indicative of take-off performance.
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" The full-scale engine conditions were proposed by .the COMPOUNDS INVESTIGATED

Coordinating Research Council in an effort to standardize The compounds investigated included 13 branched paraf-
full-scale single-cylinder experimental engine operation | fins, 5 branched olefins, 27 aromatics, and 22 ethers. The
throughout the country. During the early steges of the | paraffins and olefins examined were in the C; to C; molecular-
NACA investigation, fuels were investigated in the full-scale | weight range; the aromatics were in the C; to Cy, range;
single-cylinder engine (quantity permitting), but these | and the ethers were in the C, to Cy range.

methods were later abandoned when it became apparent The individual compounds, together with physical prop-
that the small-scale engine adequately described the fuel | erties-determined by the National Bureau of Standards or
performance. the NACA Lewis Laboratory, are listed in table V-2. -

TABLE V-2—PHYSICAL PROPERTIES ) -
(&) Paraffins and olefins.» —

Bofling point Density at Refractive
Peraffing and olefins Formula Ff,“‘g’gf“‘“ oo index
P cC) (gram/mD} nn .
Paraffinsg
2 Methylhutane el CeHps —159.890 82.14 7.854 0. 81967 1.35378 i
2,2-Dimethyibutane . J— CoHu —60.78 121.84 40, 7 0.64017 1.36876 T
2.3-Dimethylbatane. .. - "t —-128.41 136.38 §7.990 . 66164 187495 .
2,2,3-Trimethylbutane. . . oo - C;Hu —24.96 17057 80.871 0.69002 * 1.38046
2,3-Dimethylpentans. . R —- A A, 163.62 8079 69512 1.39200 N
2,23 Trimethylpentane. .. ... ..o —<oo— S CeHn -2 29972 10984 0.71605 _ | 140285 | ..
2,3,3-Trimethylpentane . m———————- . —100.70 238.57 114, 783 -T2620 1.40752 .
2,3,4-Trimethylpentane....... e — A m oo mmamem—-———mm—mmemm———— —100. 210 236.25 113.470 . T1805 1.40422 .
2,2,8,3-Tetramethylpentane - ———- CeHzg —0.9 L2844 140.23 0. 7566 1.423¢ o
2,2.3,4-Tetramethylpentane. O —— —121.6 H 271.42 133.01 7390 1. 4146 N
2,2,4,4-Tetramethylpentane_ ———— - —66. 54 252 10 122 28 . 7108 1.4068 K
2,3,3 4-Tef:ramethgh?entane. —102.1 286. 77 141. 54 ST 1.4220
2,4-Dimethyl-3-ethylpentane - ooo - oo ooommaemo 2811 18673 -1379 1.4l37 N
ot YT
Olefins - =
2,8-Dimethyl-2-pentene_ ... ..... CrHy —119 207 - 'y 0728 ’ L4211 o
2,3,4-Trimethyl-2-pentene ... cinaeen e mm e —m— e ———— CsHi  fee——acmmamamm 241.27 116.28 0.7434 1. 4275 -
2,4,4-Trimethyl-I-pentene. . cooocoon. —03.5 214. 59 101. 4% .T1%0 1.4086 .
2,4 4-Trimethyl-2-pentene. ._._._.____. — - i —106.4 220,84 104.91 .T212 1.4160 .
3.4,4-Trimethyl-2-pentene........ R 24 12 . 738 1.423 N
- B ]
sData from reference 15. o
(b) Aromatles. - -
Bofling point Denslty at
- . Refractive
Aromatic Formula Preez(!.glé)pomt 20“% indezr n®
©F) ©c) (gram/ml) €I Dp .
Benzene o - - CdHa 549 178.2 80.1 0. 8789 Lso12 _
Methylbenzene. .. ] 4 o —o5.014 311 110.6 0.8670 1.4067 T
Ethylb [ CsHye —86. 025 2:6.8 136.0 0.8672 14960 T
1,2-Dimethylbenzene. e —m——mem——mmmmma— = —25.84 2019 144 4 . 8788 1.5052
1,3-Dimethylbenzene - —d48.31 252.4 180.1 8642 1.4071
1,4-Dimethylbenzene. oo e 13.25 2811 138.4 .8610 1. 4660
»-Propylbenzene. R CoH;2 —g9.61 818 7 159.3 0.8620 1. 4920 )
Isome ylbenzene. . . —08.16 806.8 182. 4 . 8621 1. 4913
1-Methyl-2-ethylbenzene . .. oo ammeoaaee —80.94 370.2 105.1 . 8807 1. 5045
1-Methyl-3-ethylbenzene._ . —05.62 322.3 161.3 . 1.4965 ..
1-Methyl-4-ethylbenzene. — —88. 60 323.8 182.0 R 1. 4951
1,2,3-Trimethylbe — —25.97 340.0 176.1 L. 1.5137 )
1,2,4-Trimethyl O N —41. 23 36.7 169.3 .8758 1. 5048 i
1,3,5-Trimethythenzene. . .. . ocoeooeen- JS— —44. 85 328.8 1684. 9 . L 4080 .
n-Butylbenzene —- CuHy —88.i0 361.8 183.2 0.8603 1. 4898 -
Isobutylbenzene. . ceeemeeoao. —51.87 3420 122 8527 1.48680
sec-Butylbenzene ————— —75.73 343.8 1 173.8 . 1.4900
ter{-Butylbenzene. .. —— e —57.96 336.6 i 169.2 . L 4925
1-Methyl-f-isopropylbenzene. . . .o —88.39 8510 i 177.2 . 8568 1. 4906
1,2-Diethyibenzene. —-32.05 3618 1 183.2 R:r'rg 1. 5032
1,3-Diethyibenzene. —84. 84 358.9 181.6 .8643 1.4855
1,4-Diethylbenzene. —43.31 /27 188.7 . 8621 L. 4948
1,3-Dimethyl-5-ethylbenzene - —84 43 362.5 183.6 . 8847 1 4582 B
1-Methyl3-fert-butylbenzene CuyHu | —4L53 2.6 | 159.2 0. 9658 1. _
1-Methyl4-fert-butylbenzene. ... - —§2.73 3BT ! 192.8 .8612 1.4019 _—
1-Methyl-3,5-diethylbenzere —74.01 WL 20.6 .8633 L4 —
1,3,5-Triethylbenzene. . . CuHn —68. 44 206 | 215.9 0.5820 I 1.4957 T
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TABLE V-2.—PHYSICAL PROPERTIES—Concluded

{0) Ethers.

Freezing point Boliing pofnt Dm"‘é ot Refractive

Ether Formula (‘,é) index n®

_ P cc) Gramfrm) o
Methyl taﬁ-butlyl (37113 S, CsHiO —109. 00 130.3 54.63 0. {6 1. 3059
Ethyl tert-butyl ether. .. CeHuO =04, 44 161. 5 71,93 . 7385 1.8766
Isopropyl fert-butylether. e . CsHis ~—88,10 189. 4 87.42 .TAIZ 1. 3800
Methyl phenyl ether (snfsole).....oeo——o———... - CrH)O T87.16 308. 8 153.63 9939 1. 5170
Eth l? ylether (phenetole) - oo oo oo oom o maeen CeHnQ ~20.40 337.9 169. 95 L9651 L5078
mgl ether (p-methylanisole).. CeHio .~32,20 350.0 176. 69 . 9701 1.5123
-Me ................................................................... CaHO =341 841.3 171.81 9706 L5178
m- Methyl&nlsole_. - CsHyo ~b56. 05 340.8 . 176,53 L0718 1.5137
p-tert-Butylanisolo . CuHu0 716,11 433.7 223.18 LB 1. 5030
n-Propyl phenyl ether et +H11Q —27. 00 872.8 189, 31 G475 1. 5012
Propyl phenyl ether... CiHpO —33.05 350.1 176.78 . 9405 1. 4976
Butyl pheny! ether... 1%, —18.38 * 369 s 187 947 1, 4850
Methyl ylether_.... CoHnO - —88.11 837.8 160.9 . 9630 L5019
Isopropy! benzyl ether... CuwHiO =67.18 379 » 168 024 L 4850
Methyl methallyl ether.. 1HnQ —113.15 152.3 86 777 13041
TSODTODY] TIELNBITY] eEBET - - - - oo oo oo e oo oo ee s mn e ;e e mm e [53¥11 E [, 217.8 20 7153 L. 4012
tert-Butyl methallyl ether. . . oo e na CsHnO —85. 69 s 287 s 114 7853 1. 4083
Dimethallyl ether. .. ... sH1;0 =57, 72 273.9 134. 40 . 8131 1. 4285
Phenyl methallyl ether. .o e e e m e m e CrHn0Q —38.32 . 410 s 210 . 0034 1. 5167
Methyl cyclopropyl ethor. CHyO S, 109.8 43,20 7839 1378
Methyl cycloggx ether._.... m—nemm——— CyHn0 —135.03 217 106.39 . 8025 1. 4203
Methyl cyclohaxy ether ............................................................ C:Hu0 T—74.39 272.0 133.35 8756 1, 4346

* Approximete value (decomposed on atmospherie boiling).

BASE FUELS

Inasmuch as limited quantities of the compounds were
available, all tests were conducted on blends rather than on
the pure compound. By this procedure, considerable in-
formation could be obtained with a relatively small quantity
of a given compound. The pure fuels were investigated in
blends with two base fuels, one of which was S reference fuel.
The other was a blend of 85 percent (by volume) S reference
fuel and 15 percent M reference fuel. This blend contained
4.0 ml TEL per gallon. For all practical purposes, S refer-
ence fuel is pure isooctane and M reference fuel is a straight-
run stock of about 20 octane numiber (A. S. T. M. Motor
method). Use of this base blend was discontinued during
the investigation and a blend of 87% percent S reference fuel
and 124 percent n-heptane was substituted. This blend
too, contained 4.0 ml TEL per gallon.

The performance rating of the leaded blend of S and M
reference fuels was about 113/108, whereas the rating of the
leaded blend of S reference fuel and ﬂf-hepta,ne was about

120/112.
PBESENTATION OF DATA

The antiknack performance data for all blends and base
fuels are presented in appendix A, tables A-1 to A-8. In
many cases the performance values have been adjusted to
compensate for differences in the base blend used. Where
these adjustments have been made, the values will obviously
disagree with values reported in references 2 to 14; however,
for the purposes herein, the data as a whole have been placed
on a more uniform basis.

The previously mentioned adJustments in eﬁ‘ect permit
treatment of the data as if only two base fuels had been used,
namely, isooctane (leaded and unleaded) and a leaded blend
of isooctane and n-heptane.

RELATION BETWEEN MOLECULAR STRUCTURE AND
ANTIENOCEK CHARACTERISTICS

A lerge part of past research relating to molecular struc-
ture and antiknock behavior has been summarized by Lovell
(reference 1) and by Lovell and Campbell (reference 186).

In both these investigations, an attempt was made to secure
generalizations that would assist in the prediction of relative
antiknock values from molecular structures. The past
studies have on the whole been very successful in this respect.
As this particular phase of fuel research has progressed, how-
ever, the basic knowledge of engine performance has ad-
vanced; consequently, exceptions to these generalizations
can and do exist by virtue of differences in engines and engine
operating conditions. That is, the relative antiknock
characteristics of a given group of fuels can be changed con-
siderably by altering the engine or experimultal conditions.

As a result, the concept of “severe’” and “mild"” engine
conditions has been devised as an aid in evaIuatmg the merits
of different fuels. A severe condition is one in which con-
trolled conditions such as inlet-air temperature, coolant
temperature, compression ratio, spark advance, and engine
speed combine in their effects to make a fuel knock more
readily. (See ch. II.) In reference 14, the various engine
operating conditions used in the NACA investigation of
ethers are alined into a relative order of severity. This same
order of severity is used in the present discussion and is
presented in table V-3, L

TABLE V-3.—DEGREE OF SEVERITY OF VARIOUS_ __
OPERATING CONDITIONS

Engine gnléfﬁg‘; Degree of severity
A8 T M. AVEBHON . oo oo eaeean Lean...... Bevere.
Full-seale fake-off . .... -..do.......| Moderate to severe,
A.8.T. M Superoharga_ Rich..... Moderato.
Full-scale take-oﬂ R, T, TR, Da.
Foll-seale erulse .o.ooo eoeeoooviaan. Lean..... Do,
178 (lnleb-alr temperature, 250° F) .. da...... Do.
Full-scale crufse ________.__ ... Rich. Modorats to mild,
17.6 (Inlet-alr temperature, 250° F . T B No.
17.6 (lalet-alr temperature, 100° F).. .| Lean..... Do.
17.6 (Inlet-air temperature, 100° ) ... .ccooaeee. Rich ..... Mild.

Because of this so-called severity concept, any statement
to the effect that one fuel performs betier than another fucl
has little significance unless it is true for all operating condi-
tions or restricted to one operating condition. For this
reason, the emphasis in an investigation of the type reported
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FIGTRE V-1.—Knock-limifed performance of paraffins In blend with mfired base fuel consist~
ing of 87.5 percent fscoctane and 12.5 percent »-heptanef4 ml TEL per gallon.

herein must be placed upon the trends in the relation between
structure and knock rating that appear to apply under most
conditions.

Paraffins—Data were obtained for 13 paraffinic hydro-
carbons in leaded blends with the mixed base fuel. Inas-
much as the quantities of hydrocarbon were somewhat
limited, all the paraffins were compared only at the 25-percent
(by volume) concentration level and only at standard
A.S.T. M. Aviation and A. S. T. M. Supercharge conditions
(appendix A, table A-1 (a)). The data for these blends are
shown in figure V-1.

This figure illustrates the relation between molecular
structure and antiknock performance for the paraffins
investigated. The lines joining the various data points are
shown merely to define the paths followed by compounds in
an homologous series. An increase of one carbon atom on
the abscissa of these figures is equivalent to a molecular-
weight increase equal to the molecular weight of a CH:
group.

At the A. S. T. M. Aviation conditions (fig. V-1 (a)),

c C
C- é) (.L, C-C (performance number, 118) ——— C-C
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(b} Engine, A. 8. T. M. Supercharge.

FiaurE V-L—Concluded. Enock-limited performance of parafiins in blend with mixed
base fuel consisting »f 87.5 percent isodctans and 12.5 percent n-heptane+t4 mi TEL per
i

seven of the paraffinic hydrocarbons raised the knock-
limited performence of the base fuel. The increases varied
between 2 and 15 performance numbers with 2,2,3-trimethyl-
butane (triptane) having the highest rating. This result
indicates that under severe .conditions, represented by the
A.S.T. M. Aviation (lean) method, triptane has outstanding
antiknock characteristics.

Insofar as the effect of molecular structure on antiknock
characteristics is concerned, three trends have been empha-
sized (references 1 and 16). The first trend is. concerned
with centralization of the molecule.
tetramethylbutane is a more centralized or compact molecule
than 2,2,3-trimethylpentane and should therefore have a
higher antiknock rating. The second trend shows the effect
of adding methyl (CH;) groups to a2 molecule in order to
form successive members of an homologous series. The
addition of & methyl group to increase the branching tends
to produce & compound having a higher antiknock rating;
however, the position in which the group is added to the
molecule will influence the rating of the new compound.
This effect, based on A. S. T. M. Aviation antiknock ratings
for the blends examined in the present investigation, is
illustrated as follows:

CC
C—é—é—C—C (performence number, 130)

C
C-C (performance number, 124)

L
;
L

C
é é C (performance number, 122)

For example, 2,2,3,3- -
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The third trend is concerned with the increase in length of a carbon side chain or the primary carbon chain of a molecule.
The effect of such an addition is to decrease the antiknock rating as illustrated by the following examples:

(e

o]

cbe

C
C- ‘B (,J é C (performance number, 122) — c-é-é.—%-c (performance number, 115)
Cc C ¢cec -

C- JJ 4} C (performance number, 129) — C- J} é C—-Ii‘ (performance number, 118)

In general, the trends reported in references 1 and 16 and
discussed in the preceding paragraph (fig. V-1 (2)) appear to
be valid at mild or moderate engine operating conditions.
At severe operating conditions, however, exceptions do occur
as regards centralization of the molecule or increased branch-
ing in the molecule.

At the A. S. T. M. Supercharge conditions, which, as
indicated in table V-3, are of moderate severity, the NACA
data (fig. V-1 (b)) agree substantially with the results found
by Lovell (reference 1). In this case (fig. V-1.(b)), 12 of the
18 paraffinic hydrocarbons investigated raised the knock-
limited performance of the base fuel; the increases were in
the range of 2 to 44 performance numbers ______
rating of the blend containing 2,2,3 3-tetramethy1pentane
was the highest obtained and the triptane blend was next.

In order to illustrate the fact that increased centralization
of the molecule does not always result in high antiknock
values, the A, S. T. M. Aviation ratings are plotted against
the A. S. T. M. Supercharge ratings for five nonanes blended
with the mixed base fuel in figure V=2. If, in this figure,

2,2,3,3-tetramethylpentane is considered the most compact.

molecule and 2,2,4,4-tetramethylpentane the least compact,

The antiknock

~-percent (b 1 blend. | ]

ff.JSTM Segpe(r'c':yhc;’r?ggmﬁe.l)el-:r iof:o o |
E"SQ cC
€ AR LC-M—C-C N T
3 \éé
. N ! e
PN T
FA N
‘g-/@ b - N C'z‘é' ]
é)’ ] ._\ N SN SR
{190 S 1
g - N lede_ |
§ ‘Yé-é-b-c
F20 Q ]
E cl Cc N
A
g o-de-de] N
<o dle ]

106 1as 1a e 4 8 f8__
) AS.TM. Aviation performance number

FIGURE V-2.—Relation between A. 8. T. M. Supercharge and A. 8. T. M. Aviation pes-
formanee nombers of nonanes in blend with mixed base fuel consisting of 87.5 pereent
isooctane and 12.5 percent a-heptane+4 ml TEL per gallon.

then it is apparent (because the correlating line has a negative slope) that increasing compactness may improve antiknock
performance under one set of conditions and depreciate antiknock performance at other conditions. As previously men-

tioned, the addition of methyl groups, that is, increased branching, does not always result in improved performance.
fact is illustrated by the following A. S. T. M. Aviation ratings:

ccc. ... R oo
c-(]:-é—é—c (performance number, 122)

AN
C-

It is emphasized, however, that these exceptions appear to
exist at severe operating conditions as exemplified by the

A.S. T. M. Aviation engine. _
Olefms.—,—Five olefins were examined in leaded blends

and A S.T. M. Supelcharge condltlons (appendlx A, table .

A-1 (a)). The concentration of olefin in each blend was

25 percent by volume.
The data obtained are somewhat lumted insofar as the

relation between molecular structure and antiknock value is.

concerned; however, comparisons can be made with refer-
ences 1 and 16 to determine further the consistency of trends
noted by previous investigators. Lovell (reference 1) found
that for branched aliphatic compounds if the parent paraffin
hydrocarbon had & high antiknock value the introduction of
a double bond would decrease the antiknock value. This

C-

This

(IJ (JJ C (performance number, 118)

ccC . . .
é (‘!? C (performance number, 110}

04
&
{1

trend is supported by the following data from the present
investigation (appendix A, table A~1 (a)):

i Performance number of TPerfurmance number of
- 25-percent blend » 25-poreent blend »
Paraffin Olefin
A.S.T.M.{A. 8. T. M. A B T. M. A 8. T. M.,
Avistion |Sapercharge Aviatlon |Bupercharge
CcC
C—é-(!}—C—C 118 114 0—4}:&-(1—0 100 1y
cco T ce ¢
c-é:é-é-c 12 132 c-!:=tjz—c-c 101 104
cCco C ) .
c- ié— -C 130 141 C-Gab-6-C 106 108

= Al] blends were leaded to 4 m! TEL/gal.
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I Eng/ne [ I
| O [A.S: M. Aviation
O Full-scale single cylinder

fake-ofF)
—o Full-scale single cylinder——
{cruise)
11
| 25-percent (by voﬁ,me) blends|
I Full-scale single-cylinder
fual-air ratio, Q.0685
l.5 } —
L4 // \\
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pr3 //
§~ : ,/ \
g
1 1 %
R, ot 21303
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(8} n-Alkylbenzenes; lean conditions.

FrsuRE V-3.—Enock-limited performance of aromatics in blend with mlxed base firel con-
sisting of 87.8 percent fsocctane and 12.5 percent n-heptanet4 ml TEL per gallon.

In the foregoing examples, the double bond in the olefin ap-
peared in the 2 position and, with one exception, the ratings
for the olefins are lower than those of the corresponding
paraffins. The one exception is shown for the A. S. T. M.
Supercharge ratings of 2,3-dimethylpentane and 2,3-dimethyl-
2-pentene where the olefin has an antiknock rating three
performance numbers higher than the paraffin.

Of the five olefins investigated, only two, 2,4,4-trimethyl-
l1-pentene and 2,4,4-trimethyl-2-pentene, indicate the effect
of the position of the double bond on antiknock perfor-
mance. For the engines and the conditions examined (ap-
pendix A, tables A-1 (a) and A—5 (a)), the ratings of these
two compounds appear to be the same at the more severe
conditions. At milder conditions, the 2,4 4-trimethyl-2-
pentene has lower ratings than 2,4,4-trimethyl-1-pentene.
This trend is contrary to the trend found for straight-chain
olefins but is in agreement with data for branched-chain
olefins (reference 1).

Aromatics.—The most cemplete=set—of antiknock per-
formance data obtained in the present investigation resulted
from engine studies made with 27 aromatic hydrocarbons in
blends with selected base fuels. On the basis of these data,
the relations between molecular structure and antiknmock
value and the influence of engine operating conditions on
these relations for the aromatics can be readily seen.

The relation between structure and antiknock perfor--

mance for a series of n-alkvlbenzenes at a lean fuel-air ratio
213637—&58——85

537

[T Tengme| |
—o AS.TM. Supercharge
. a Fufl-scale single cylinder
— foke-off)
O Full-scale single cylinder
(cruise,

~
0y

25-percent (by volume) blends
Fuel-air ratio, O.11 -

N
/f=s=h
A 1N
/J N
YN

Y (b)

6 7 g g 10
Number of' carborn af'ams in molecule
c-o-¢  o-C-¢-C’

o & & & &
(b) m-Alkylbenzenes; rich conditfons.

FIGURE V-3.—Continued. Enock-limited performance of sromatics In blend with mixed
base fuel consisting of 87.5 percent fsooctane and 12.5 percent n-heptane}4 ml TEL per

gallon.

is shown in figure V-8 (2). In this figure it was necessary to
use performance numbers for the A. S. T. M. Aviation
engine, inasmuch as knock-limited indicated mean effective
pressures are not measured on this engine. The first three
carbon atoms added to the side chains of the aromatic
compounds successively increased the blend knock limits.
The addition of a fourth carbon atom to the side chain
caused a sharp drop in performance at the full-scale single-
cylinder cruise condition and a slight drop in the A. S. T. M.
Aviation engine.

More specifically, the data in figure V-3 (a) indicate that,

~
A

™~
W

Knook-limited imep ratio

for the full-scale single-cylinder cruise condition, the 25-

percent benzene blend has a knock limit 20 percent higher
than the base fuel ; toluene is 28 percent higher; ethylbenzene,
35 percent higher; n-propylbenzene, 47 percent higher;
whereas, n-butylbenzene is only 11 percent better than the
base fuel. At the other experimental conditions (fig. V-3 (a)),
the trends are the same but the magnitude of the increases
is less. In fact, under simulated full-scale take-off condi-
tions the benzene blend is lower in performance than the
base fuel, which is represented by the ratic 1.0. In the
A. S. T. M. Aviation engine, the base fuel has a perfor-
mance number of 120 and, with the exception of n-propyl-
benzene, all the aromatie blends have performance numbers
lower than 120. This depreciation in performance is
characteristic of aromatics at conditions as severe as those
encountered in the A. S. T. M. Aviation engine.

Figure V-3 (b) is similar to figure V-3 (a) except that the

fuel-air ratio is rich and the A. S. T. M. Supercharge (rich)
rating method has replaced the A. 8. T. M. Aviation (lean)
rating method. The trends shown are somewhat different
from those in figure V-3 (a), but the similarity between the
A. S. T. M. Supercharge date and the full-scale data is
apparent. At the conditions investigated, the first addition
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FI1GURE V-3.—Continued. Knock-limltod performance of aromatics In blend with mixed
base fuel consisting of 87.5 percent isooctane and 12.5 peréent n-heptanet4 ml TEL per
gallon.

of a carbon atom to the benzene ring produces a sharp im-
provement in performance; the next addition results in a
decrease except for the A. S. T. M. Supercharge datd, which
are unchanged; the next addition slightly increases the per-
formance; and the addition of the fourth carbon atom to the
side chain results in a very sharp decrease in knock limit, as
found at the lean conditions (fig. V-3 (a)). '
The change in performance accompanying changes in
molecular weight in an homologous series is illustrated in
figures V-3 (a) and V-3 (b). The effect.of different isomeric
structures on performance when the molecular weight is un-
changed is shown in figure V-3 (¢). For this example, the
four butylbenzenes, n-butylbenzene, isobutylbenzene, sec-
butylbenzene, and feri-butylbenzene, were chosen. At the
two 17.6 engine conditions and the A. S. T. M. Aviation
condition, changing from the normal to the iso, the secondary,
and the tertiatry structures progressively improves the per-
formance. Under simulated full-scale cruise conditions, the

isobutylbenzene is slightly better than the sec-butylbenzene,

but the small difference in antiknock value is probably
insignificant. _
Data for the four butylbenzenes at a rich fuel-air ratio are
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F1oURE V-3.—Cantinued. Knock-limfted performance of aromatics in blend with mixed
base fuel consisting of 87.5 percent Iscoctane and 12,6 percent s-heptanet4 mi TEL per
gallon.

presented in figure V-3 (d). The trends shown in this figure
are similar to those found in figure V-3 (c).

Generally speaking, in figures V-3 (a) to V-3 (d), the
trends in performance of the aromatic blends in the standard
A. S. T. M. Aviation and A. S. T. M. Supercharge engines
were similar to those in the other engines. This similarity
among engines, however, is not always observed over wide
ranges of operating conditions. Nevertheloss, the compari-
son of performance characteristics of the organi¢c compounds
throughout the remainder of this chapter will be based
primarily upon the A. S. T. M. Aviation and A. 8. T. M.
Supercharge engine data because these data were obtained
in engines currently accepted as standards for rating fuels.

The knock-limited performance of dimethylbenzenes
{(xylenes) is illustrated in figure V-3 (e). In both engines,
the 1,3-dimethylbenzene blend gave higher performance than
either 1,2- or 1,4-dimethylbenzene. The 1,4-dimethylben-
zene has an antiknock rating only slightly less than that of

- 1,3-dimethylbenzene but still considerably higher than that

of 1,2-dimethylbenzene.
The trends shown in figure V-3 (f} for the methylethyl-

" benzenes are the same as those shown in figure V-3 (e) for

the dimethylbenzenes; that is, 1-methyl-3-cthylbenzene is
appreciably better than 1-methyl-2-ethylbenzene and slightly
better than the 1-methyl-4-ethylbenzene. A similar result
was obtained for the diethylbenzenes (fig. V-3 (g)).

The antiknock performance of disubstituted compounds is
illustrated in figures V-3 (e) to V-3 (g). Figure V-3 (k)
illustrates antiknock trends for trisubstituted ecompounds.
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FIGURE V-3.—Coniinued. Enock-limited performance of aromstics in blend with mixed
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The 1,2,4-trimethylbenzene blend has a slightly higher knock

limit than the 1,2,3-trimethylbenzene blend in the A. S. T. M.

Supercharge engine but has a slightly lower knock limit in
the A. 8. T. M. Aviation engine. The 1,3,5-trimethylben-
zene is considerably better then either of the other tri-
methylbenzenes. :

The relative antiknock characteristics of all the aromatic
hydrocarbons examined are presented in figure V-3 (i) at
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FIGTRE V-3.—Continned. Knock-limiied performance of sromstics fn blend with mixed
base fuel consisting of 87.5 percent fscoctans and 12.5 percent n-heptane44 ml TEL per
gallon.
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FiuRE V-3.—Continued. Enock-lfmited performance of aromatics in blend with mixed
base fuel consisting of 87.6 percent isooctane and 12.5 percent n-heptane44 ml TEL per
gallon.

A.S. T. M. Aviation lean conditions. About 15 aromatics
improved the knock-limited performance of the base fuel.
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These particular blends fall within a range about seven

performance numbers above the base fuel. From these data
at lean conditions, I1,3,5-trimethylbenzene and fert-butyl-
benzene appear to be the most desirable aromatics in the
25-percent blends investigated.
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The aromatic blends are compared at A. S. T. M. Super-
charge rich conditions in figure V-3 (j). the
A.S. T. M. Aviation data (fig. V-3 (i)), the 25-percent addi-
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Fiaune V-3.—Continued. Enock-limited performance of aromaties in blend with mixed
base fuel consisting of 87.5 percent {sooctane and 12.5 percent n-heptane+-4 ml TEL per
gallon.

tions of aromatics to the base fuel caused considerable im-
provement in A. S. T. M. Supercharge performance, from
a performance number of 112 for the base fuel to about 178

In contrast to the
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Fi1cUBRE V-4,—Continued. Enock-limited performance of ethers in blend with mixed base
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for the best aromatic. These results are consistent with
results obtained by other investigators in that aromatics in
fuel blends generally offer considerable advantage at rich
fuel-air ratios but only moderate improvement or even de-
preciation at lean fuel-air ratios under severe operating con-
ditions. The 1,3,5-trimethylbenzene and feré-butylbenzene
blends, which have good antiknock characteristicsat A. S.T. M.
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Aviation condltlons (fig. V-3 (i), were still relat1vely lugh
in performance at rich conditions (fig. V-3 (j)) but were
exceeded by other aromatics. Among these high-perform-
ance aromatics were 1,3<dimethyl-5-cthylbenzene, 1-methyl-
3,5-diethylbenzene, 1-methyl-t-teri-butylbenzene, and 1,3,5-
triethylbenzene.

In the aromatic data just discussed, only one trend
appears worthy of mention, namely, that meta structural
arrangements are equal to or slightly better than para
arrangements in antiknock performance and both arrange-
ments are considerably better than the ortho structural
arrangement. In one case (fig. V-3 (j)), however, the para
arrengement was better than the meta arrangement as
shown by comparison of 1-methyl-3-tert-butylbenzene and
1-methyl-4-fert-butylbenzene. Essentially the same trend
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is reported in reference 1 for the relation among ortho,
meta, and para compounds.

For the paraffins (fig. V-1), increasing the length of the
primary carbon chain resulted in a decrease in the anti-
knock performance; however, for the aromatics (fig. V-3 (a)
and V-3 (b)), an increase in length of a carbon side
chain is beneficial up to a certain point, but further addi-
tions to the side chain are detrimental to the antiknock
performance.

Ethers,—The antiknock charactenstlcs of three .alkyl
ethers are illustrated in figures V-4 (a) and V—4 (b) for lean
and rich fuel-air ratios, respectively. At lean conditions
(fig. V4 (a)) in the A. S.T. M. Aviation engine, isopropyl
tert-butyl ether was appreciably higher in antiknock value
than ejther methyl or ethyl tert-butyl ether. Ethyl tert-
butyl ether appears to be slightly higher than methyl fert-
butyl ether in this engine. In the 17.6 engine (fig. V-4 (a))
at both conditions, the results obtained for the three alkyl
ethers were directly opposite to those found in the A.S.T. M.
Aviation engine. Moethyl fert-butyl ether was equal to or
better than ethyl fert-butyl ether and both were appreciably
better than isopropyl teri-butyl ether. _This trend was found
also at the rich conditions shown in figure V—4 (b).

The entiknock characteristics of five phenyl alkyl ethers
are shown in figure V—4 (c¢). In both engines methyl phenyl
ether and tert-butyl phenyl ether gave the lowest performance
numbers. The remaining three ethers were about equal in
performance in both engines. A comparison of figures
V-4 (a) and V-4 (c) shows that the phenyl alkyl ethers
investigated have considerably poorer antiknock character-
istics than do the ferf-butyl alkyl ethers at A. S. T. M.
Aviation conditions,

The effects of ortho, meta, and para structural arrange-
ments on the antiknock performance of phenyl alkyl ethers
are illustreted in figure V-4 (d). The basic ether for this
particular example is methyl phenyl ether (anisole), which
is shown on the left side of the figure. The addition of a
carbon atom to the benzene ring to form o-methylanisole
caused a decreage in performance. Adding a carbon atom
in the meta or para position to form m-methylanisole and
p-methylanisole slightly increased the antiknock perfor-
mance. In each engine, m-methylanisole and p-methyl-
anisole were about equal in performance number and both
were considerably better than o-methylanisole. This result
was similar to that obtained for the aromatics (figs. V-3 (e)
to V-3 (g)).

Several ethers containing olefinic radicals are shown in
figure V-4 (e). Isopropyl methallyl ether and fert-butyl
methallyl ether blends had the highest performance numbers
of this group of compounds and phenyl methallyl ether
the lowest. At A.S.T. M. Aviation and A. S. T. M. Super-
charge conditions, phenyl methallyl ether was the poorest
of the 22 ethers examined. . :
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Hydrogenating the benzene nucleus of anisole to give
methyl cyclohexyl ether is shown in figure V-4 (f) to produce
a large drop in performance number. Of the three methyl
cycloalkyl ethers shown, all of which were relatively low,
methyl cyclopropyl ether was the highest at A. S. T. M.
Supercharge conditions and methyl eyclopentyl ether was
highest at A. S. T. M. Aviation conditions.

The relative antiknock characteristics of all the ethers
investigated are presented in figure V-4 (g} at A. S. T. M.
Aviation (lean) conditions. Under these conditions only
the three fert-butyl alkyl ethers raised the knock limit of the
base fuels. The maximum improvement in performance
number was 29 and was obfained with isopropyl tert-
butyl ether.

The antiknock characteristics of all the ethers inv eatxgatcd
are compared in figure V-4 (h) at A. 3. T. M. Supercharge
(rich) conditions. Twelve of the ethers improved the per-
formance of the base fuel; the greatest increase in knock-
limited performance, about 63 performance numbers, was
obtained with methyl tert-butyl ether. Comparison of
figures V—4 (g) and V-4 (h) clearly shows that nine of the
phenyl alkyl ethers have much better antiknock character-
istics at rich mixtures than at lean mixtures. It is also
apparent that the methyl eycloalkyl ethers show liitle
promise as antiknock blending agents at the A. S. T. M.
Aviation and A. S. T. M. Supercharge conditions. _

Companson of classes of compounds.—As a matter of
interest, the isomers having the highest antiknock ratings
in ﬁgures V-1, V-3 (i), V-3 (), V4 (g), and V¢ (h) have
been plotted in figure V-5. The performance numbers
have been plotted against boiling points in order to illustrate
the most promising entiknock compounds in the boiling
range of commercial gasolines. Comparison of the eurven
in figure V-5 is not strictly valid, inasmuch as all the isomer
in a given group of compounds have not been studied.
Within the limitations of the investigatiou, however, these
two figures do illustrate how the antiknock ch&ractorxstub
of the better paraffins, aromatics, and ethers comparo,

When the boiling range of aviation gasoline is assumed to
be 100° to 338° F, it is seen (fig. V-5 (a)) that for A.S. T. M.
Aviation lean conditions the Cy and C; paraffins have the
highest performance numbers in the boiling range from 80°
to 120° F. In the boiling range between 130° and about
300° F, the ethers have the highest performance numbers.
Above 300° F the highest performance numbers were obtained
with the aromatic blends.

At A. S. T. M. Supercharge conditions (fig. V-5 (b)), the
paraffin blends had the highest performance numbers in the
range of boiling temperatures from 80° to 120° F. Above
120° F the ethers had the highest antiknock ratings up
to & boiling temperature of 220° F. At higher boiling

-temperatures the aromatics exhibited superior antiknock

characteristics.
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BLENDING CHARACTERISTICS

In the preceding” section, the discussion of structural
trends was based on studies in which 25 percent of a given
compound was blended with a selected base fuel. On the
basis of such studies, it can be concluded that one compound
is better than another or that all compounds aline themselves
in en order of antiknock performance that is influenced by
engine operating conditions. This situation is complicated,
however, in that the relative order of antiknock value of a
series of compounds at a fixed engine condition is influenced
by the concentration of the compound in the blends upon
which such an investigation is based. In other words, one
compound could be better than another if both were com-
pared in 25-percent blends but the reverse could bz true if
both were compared in 50-percent blends.

Blending characteristics of various potential aviation-fuel
blending agents have been the subject of considerable investi-
gation. A portion of the more recent findings in such studies
is reported in references 17 to 20. The results of these investi-
gations show coneclusively that compounds differ radically
in their blending behavior as regards antiknock performance.

Paraffins.—The blending characteristics of paraffinic fuels
at rich fuel-air ratios may be expressed by the following
equetion (see chapter VIII):

1 - N, N, Ny

PP, -[- P, +. (1)
where
N1, V2,3, . . . mass fractions of components 1,2,3, .. .,

respectively, in blend
213637 58— —86
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Py knock-limited indicated mean effective pres-
sure of blend
Py,P;,P;, . . . knocklimited indicated mean effective pres-

sures of components1,2,3, . . .,respectively

The application of this equation to data in the present
investigation is illustrated in figure V—6 (a) for the A. S. T. M.
Supercharge engine. The ordinate of this figure is a reciprocal
scale and the abscissa is linear. For the fuels shown,
2,2,3 4-tetramethylpentane, 2,3,3 4-tetramethylpentane, and
2,2,3-trimethylbutane, the blending relation with the base
fuel is linecar up to a concentration of 5Q percent added
paraffin. Knock-limited indicated mean effective pressures
(fig. V-6 (=)) for 2,2,34-tetramethylpentane end 2,3,3,4-
tetramethylpentane are from reference 12. Similar data
for 2,2,3-trimethylbutane are from reference 11.

Although data for these fuels at lean fuel-air ratios are e not
shown herein, an examination of such data indicated that the

blending relation is nonlinesr. The suthors of reference 17

attribute this fact to the variation of the end-gas temperature
from one blend to another. That is, for a system in which a
paraffinic blending agent is blended with a paraffinic base
stock, the relation between the reciprocal of the kmock-
Iimited performance and the composition will be linear if the
end-gas temperature, or & well temperature closely related

to the end-gas temperature, is held constant for each blen& S

tested.

Olefins.—Blending data for two oIeﬁns (reference 1") are
shown in figure V-6 (b} for the A. S. T. M. Supercharge

engine operating at a rich fuel-air ratio. In this case, olefinic
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blending agents are blended with a paraffinic base fuel and the
resulting relation between the reciprocal of the knock-limited
performance and composition is nonlinear. The blending
equation (1) is based upon one assumption, that for the
equation to apply the blends should be tested at a constant

percentage of excess of fuel or air. The differences between

stoichiometric fuel-air ratios for olefins and paraffins, how-
ever, do not appear sufficiently great to explain the non-
linearity of this blending curve.

Aromatics.—The blending relations for the aromatic hydro-
carbons (fig. V-6 (¢)), like those of the olefins (fig. V-6 (b)),
were found to be nonlinear in the A. S. T. M. Supercharge
engine at rich mixtures. With the exception of 1,2-dimethyl-
benzene and 1,2,4-trimethylbenzene, all the aromatics in-
creased the knock-limited performance of the base fuel at
the concentration investigated.

It has previously been mentioned that the concentration
level at which compounds are examined may have consider-
able effect on the relative arder of antiknock rating, as shown
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Fi16URE V-6.—Continued. Knock-imited performance of blends with mixed base fuel
consjsting of 87.8 perdent Isooctiane and 12.5 percent n-heptanet4 ml TEL per gallon.
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in figure V-6 (¢) for isopropylbenzene. For example, a blend
of 50 percent by volume of isopropylbenzene has the second
higbest antiknock rating of the aromalics investigated; at
concentrations below 35 percent by volume, however, the
performance of isopropylbenzene is excecded by that of
1,3-dimethylbenzene, 1,3-diethylbenzene, 1l-ethyl-t-methyl-
benzene, and n-propylbenzene.

This result can perhaps be scen a liltle more clearly in
figure V=7 (b), in which the blending data for the A. 5. T. M.
Supercharge engine are illustrated by a bar chart. Tho
hydrocarbons are listed on this chart in order of decreasing
antiknock rating, as determined by the 50-percent blends.
At lower concentrations, however, the bars indieate a different.
order of rating.

At A. S. T. M. Aviation conditions (fig. V-7 (a}}), the
variation of knock-limited perfermance with composition
was found to be different from that obtained at A. S. T. M.
Supercharge conditions (figs. V-6 (¢) and V-7 (b)). For
example, the data presented in figure V-7 (a) indicate that
the knock-limited performeance of the base fuel is decreased
as the concentration of aromatie is increased. Moreover, in
figure V-7 (a) the aromatics do not rate in the same order.
at all concentrations. -

Ethers.-—Blending data for six ethers determined at
A.S. T.M. Supercharge conditions are shown ip figure
V-8 (b). Methyl tert-butyl ether and ethyl tert-butyl ether
have the highest antiknock characteristics of the six ethersat
all concentrations. Isopropyl fert-butyl ether is also better
than the three aromatic cthers at a concentration of 50
percent; however, at concentrations below about 20 percent,
isopropyl fert-butyl ether is lower than any of the other ethers.

The ethers shown in figure V-8 (b), like the olefins and
gromatics, do not follow the reciprocal blending relation
defined by equation (1).
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FiGUre V-8.—Concluded. Knock-limited performance of blends with mixed buse fuel
consisting of 87.5 percent isooctane and 12.5 percent n-heptaned-4 ml TEL per gallon,
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The blending relations for the ethers in figure V-8 (b)
were investigated at A. S. T. M. Aviation conditions and
the results obtained are presented in figure V-8 (a). At
these conditions, the three terf-butyl alky] ethers all improved
the knock-limited performance of the base fuel; the improve-
ment became greater as conceniration was increased.
On the other hand, the three aromatic ethers decreased the
performance of the base fuel; the decrease became greater
as the concentration was increased.

TEMPERATURE SENSITIVITY

In order to determine the effects of changes of inlet-air
temperature on knock-limited performance, most of the
hydrocarbons and ethers were evaluated in the 17.6 engine
at inlet-air temperatures of 100° and 250° F. These tests
were made with each compound in 20-percent-by-volume
blends with isooctane. The final blends were evaluated at
both temperatures in the unleaded state and with 4 ml TEL
per gallon. (See appendix A, tables A-3 and A—4, respec-
tively.) The greatest portion of the temperature-sensitivity
studies of this investigation was conducted on blends with
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¥iGURE V-8.—Temperature sensitivity of blends with iscoctane. Comprossion ratie. 7.0;
engine speed, 1800 rpm; coolant temperatare, 212° F; spark advance, 30° B. T. C.

isooctane. A few experiments, however, were made in which
the compounds were blended with the mixed base fuel.
(See appendix A, table A-5.) .

The term “temperature sensitivity” has been given
several definitions by investigators in the field of fuel re-
search; however, none of these definitions has been wholly
satisfactory. . Perhaps the data offering the most scientific
approach to such a definition are reported in references 21
to 24, but the emphasis in these references is placed upon
engine severity rather than the more restricted idea of
temperature sensitivity; that is, engine severity is a more
inclusive term that considers other factors of engine perform-
ance such as compression ratio, spark advance, engine speed,
and cooling, as well &s inlet-air temperature.

Considerable experlmentul data are required in order to
evaluate fully the engine severity as described in references
21 to 24 and in most cases during the present investigation
the available quantities of the pure fuels were too small for
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F16GRE V-9.—Continued. Temperature sensitivity of blends with iscoctane. Compression
ratio, 7.0; engine speed, 1800 rpm; coolant temperature, 212° F; spark advance, 30° B. T, C.
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eéxtensive studies. For this reason, the sensitivity studies
of these fuels to changes of engine conditions were restricted
merely to measurements of the effect of inlet-air temperature
on knock-limited performance. In so doing it was necessary
to establish arbitrarily a definition for tewmperature sensi-
tivity. This term is defined by the following equation:

knock-limited imep of blend (inlet air at 100° F)

g?lnaﬁ::u{re _ Jknock-fimited imep of base fuel (inlet air at 100° I)
sensxl’t?ivity knock-limited imep of blend (inlet air at 250° I)

knock-limited imep of base fuel (inlet air at 250°T)

The term ‘“relative’’ is used in this definition as the equation
essentially describes the temperature sensitivity of the blend
relative to that of the base fuel. This definition is the same
as that used in references 5 to 11 and 13. The base fucls
used in this study were paraffins and do not show high
temperature sensitivity.

Temperature sensitivities computed by this equation for
all the compounds in the present investigation are presenied

in append.u; A, table A-6. In the discussion of temperature

sensitivity in the following paragraphs and in the subsequent
discussion of lead susceptibility, it should be remembered
that the data were obtained over a long period of time and
reproducibility errors therefore exist. Although no extensive
reproducibility data were obtained, a few such runs indieated
that relative temperature sensitivities computed by the
equation and relative lead susceptibilities computed by a
similar equation may be in error by 4:0.05.

Paraffins,—The temperature sensitivities of unleaded and
leaded paraffinic fuel blends in the 17.6 engine at two fuel-air
ratios are compared in figures V-9 (a) and V-9 (b). Of the
paraffinic blending agents investigated (references 12 and 13),
the three nonanes, 2,3,3,4-tetramethylpentane, 2,2,34-
tetramethylpentane, and 2,2,3,3-tetramethylpentane, appear
to be most sensitive to changes of inlet-air temperature at
the lean fuel-air ratio in unleaded blends (fig. V-9 (a)).
At the rich fuel-air ratio, however, the differences in tempera-
ture sensitivities among the paraffins are small.

In figures V-9 (a) and V-9 (b), the paraffins are listed in
the seme order. Inspection of these plots illustrates that
tetraethyl lead affects temperature sensitivity. For example,
in figures V-9 (2) and V-9 (b) the order of temperature
sensitivities of the various paraffins is obviously different at
both fuel-air ratios.

As previously mentioned, a few of the compounds in this
investigation were examined in blends with the mixed buse
fuel. In the mvestlgatlon of reference 13, paraffinic and
olefinic blending agents in blends with the mned base fuel
were sub]ected to variations of compression ratio. When
these data are computed in the manner explained in references
23 and 24, it is possible to compare over a reasonably wide

" range the mﬂuence of engme severity on knock-limited per-

formance. This effect is determined by computation of
compression-air densities and compression temperafures at
the knock limit; the main assumption is that these factors
are related in some manner to end-gas densities and temper-
atures that cannot be directly measured (reference 21). The
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compression-air densities and temperatures are calculated
by the following equations:

= olr=l) .
Tc=T0r7 -1 (3)

where

compression-air density, pounds per eubic inch
W, intake-air flow, pounds per mmute y
r  compression ratio
% intake cycles per minute
V: engine displacement volume, cubic inches
T. compression-air temperature, °R
T, intake-air temperature, °R
v ratio of specific heat of charge at constant pressure to
that at constant volume (assumed to be 1.4)

Although the data in reference 13 were determined by
varying the compression ratio, it is apparent from the equa-
tion of compression {emperature that the effect of varying
the compression ratio is equivalent to that of varying the
intake-air temperature.

The sensitivities of two paraffinic fuels (reference 13) arc
shown in figures V-10 (a) and V-10 (b) at two fucl-air ratios
in a modified A. S. T. M. Supercharge engine. The two
paraffin blends are more sensitive than the base fuel to changes
of compression ratio or intake-air temperature, as indicated
by the slopes of the curves in figures V-10 (a) and V-10 (b).
The two paraffin blends had lower knock limits than the
base fuel at severe conditions (high compression tempera-
tures), but higher limits at mild conditions (low compression
temperatures).

Olefins.—Plots similar to those in figures V-10 (a) and
V-10 (b) are shown in figures V-10 (¢) and V-10 (d) for
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ture, 250° F.; coolant temperdture, 250° F; spark advance, 30° B. T. C.
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three olefins in blends with the mixed base fucl (reference 13).
At both fuel-air ratios, the three olefin blends were more
sensitive to a change of engine severity than the base fuel.

At the severe conditions the three olefin blends had lower

knoek limits than did the base fuel, but at milder conditions
the olefin blends had higher knock limits.

Aromatics.—The temperature sensitivities of aromatic
blends determined in the 17.6 engine are shown in figures
V-9 (c)and V-9(d). The aromatics are listed in figure ¥~9 (c)
in the order of decreasing sensitivity at the rich fuel-air
ratio. Asin the case of paraffins (figs. V-9 (a) and V-9 (b)),
the sensitivities were inconsistent from one fucl-air ratio to
another. Moreover, the sensitivities were influenced by
tetracthyl lead.

The most sensitive aromafics at the rich fuel-air ratio
(fig. V-9 (c)) were 1,3-dimethylbenzene, 1-methyl-d-isopropyl-
benzene, and fert-butylbenzene; whereas at the lean fuel-nir
ratio, a number of aromatics had high sensitivitics. In
leaded blends (fg. V-9 (d)), the differences in relative tem-
perature sensitivity among the aromatics were notl greaf at
the rich fuel-air ratio, but at 2 lean fuel-air ratio appreciable
differences occurred. At the lean fuel-air ratio, a number of
the aromatics had sensitivities 20 to 25 percent greater than
the sensitivity of the base fuel.

It has been shown herein that 1,3,5-trimethylbenzene and
tert-butylbenzene had higher performance numbers than the
other aromatics investigated at the lean condition of the
A. 8. T. M. Aviation method (fig. V-3 (1)). For this reason
the temperature sensitivities of these two aromatics are of
particular interest.- These two aromatics in unleaded blends
have temperature sensitivities equal to or greater than sensi-
tivitics of the other aromatics investigated at the lean fuel-
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air ratio (fg, V-9 (¢)). On the other hand, the leaded blends
shown in figure V-9 (d) indicate that the temperature sen-
sitivity of tert-butylbenzene is reduced considerably, whereas
1,3,5-trimethylbenzene is still quite sensitive. .

Similarly, among the better aromaties at A. S. T. M.
Supercharge conditions (fig. V-3 (§)) were 1,3-dimethyl-5-
ethylbenzene, 1-methyl-3,5-diethylbenzene. i-methyl-4-fert-
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w-heptanei¢ mnl TEL per gallon. Compression ratfo, varlable; engine speed, 1360 rpm;
inlet-alr temperature, 250° F; coclant temperature, 250° F; spark advance, 3° B. T. C.

butylbenzene, and 1,3,5-triethylbenzene. As indicated in
figure V-9 (c) for unleaded blends &t a rich fuel-air ratio,

these four aromatics show only moderate temperature sen-

sitivity varying between 1.0 and 1.05. In leaded blends
(fig. V-9 (d)) and at a rich fuel-air ratio, the four aromatics
still exhibited only moderate temperature sensitivity varying
between 1.0 and 1.05.

©
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Compression-air density-temperature relations were deter-
mined for several aromatics and are reported in refevence 10.
The relation obtained for three of the aromatics is presented
in figures V-10 (e) and V-10 (f) in order to illustrate the
nature of theresults. As indicated by the slopes of the
curves in these figures, the sensitivities of the aromatic
blends are somewhat greater than the sensitivity of the base
fuel.

Ethers.—Temperature sensitivities determined for six
ethers are shown in figures V-9 (e) and V-9 (f).
{unleaded blends) are listed in figure V-9 (e) in the order of
decreasing sensitivity at the rich fuel-air ratio (0.11); at this
fuel-air ratio the three aromatic ethers appear to be more

fuel-air ratio

VI, a?fs
20-percent (by volume) blends..
/7.6 engine )
Base : fuel
2,4-Dimethyl-3-efhyjpentons . [PRRZzd —,
&,3-0Dimethylpentane Rz 27
2.2,8,8-Tetramethyloentane :
22,3~ Trimethylbutane =~ |(RRZZzZZzZZ
22,8,4-Tetramethylpentane. —[RZZZZZIIZ]
2,3,3,4- Teframe thyloentane — [P22HEZA (a.)' .

80 95 toa o5
Relative ledd
susceptibrlity

(&) Purailins; inlet-air tomperature, 100° F.

FIGTRE V-12—Lead susceptibility (4 ml TEL/gal) of blends with Isooctane., Compression
ratio, 7.0; engine apeed, 1800 rpm; coolant temperature, 212° I; spark advance, 30° B. T. C.

The ethers
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sensitive to temperature changes than do the #ert-butyl
alkyl ethers, with the possible exception of methyl fert-butyl
ether. At the lean fuel-air ratio (0.065), anisole appears to
be the most sensitive of the ethers; however, with considera-
tion for the estimated reproducibility of these data there may
be little real difference in the sensitivities of the six ethers
shown.

In leaded blends (fig. V-9 (f)), the eromatic ethers are
perhaps more temperature-sensitive than the ferf-butyl
alkyl ethers with the possible exception of methyl fert-butyl
ether at the lean fuel-air ratio. Af the rich fuel-air ratio,
anisole and p-methylanisole show the highest sensitivities;
however, the experimental accuracy may minimize the ap-
parent differences shown on the figures.

Comparison of classes of compounds.—The temperature
sensitivities of the various classes of compounds are compared
in figure Y-11. The procedure used in preparing these plots
was.the same as that used for figure V-5. _

In figure V-11 at two fuel-air ratios, the low-boiling ethers
have the greatest temperature sensitivities in the boiling
range of 100° to 175° F. Above 175° F the aromatics are
more sensitive than the other classes cxamined. In the
boiling range from 300° to 350° F, however, the ethers have
temperature sepsitivities comparable to those of the

aromatics.
LEAD SUSCEPTIBILITY

Lead susceptibilities of the various organic compounds
investigated were determined in the 17.6 engine by comparing
unleaded blends (20 percent by volume) with blends con-
taining 4 ml TEL per gallon. Data were obtained at two
inlet-air temperatures, 100° and 250° F. (Sce appendix A,
table A-7.)

Lead susceptibility, or lead response, is usually defined as
the increase in octane number or power output resulting from
the addition of a given quantity of tetraethyl lead to a fucl.
For the present investigation, however, lead susceptibility is

Fuel-air ratio
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— i
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82,3, 4~Tetromethylpentine — [EEZZZIGZIZINIT70 77727
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L ] | ]

9 LO N 1.2
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FicrrE V-12—Coantinued. Lead suseeptibliity (4 ml TEL/gel) of blends with iscoctanc,
Compression ratlo, 7.0; englne speed, 1800 rpm; coolant temperature, 212° F; spurk advarce,

30° B. T. C.
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expressed in a manner similar to that used for temperature
sensitivity: '

knock-limited imep of blend44 ml TEL/gal
knock-limited imep of base fuel+4 ml TEL/gal
knock-limited imep of blend+ 0 m! TkL/gal

Relative lead] _
susceptibility

knock-limited imep of base fuel+0 ml TEL/zal

As in the foregoing discussion of temperature sensitivity,
the estimated accuracy of these ratios is about 4 0.05.

Paraffins.—The lead susceptibilities of six paraffinic
blends are shown in. figures V=12 (a) and V-12 (b). In
figure V=12 (a) (inlet-air temperature, 100° F'), the fuels are
arranged in order of decreasing response at the rich mixture.
At this condition, 2,4-dimethyl-3-ethylpentane exhibits the
greatest susceptibility to tetraethyl lead, but at the lean
fuel-air ratio, 2,3-dimethylpentene, 2,2,3-trimethylbutane,
and 2,2,34-tétramethylpentane have the best response.
The lead susceptibility is appreciably influenced by fuel-air
ratio.

In figure V-12 (b) (inlet-air temperature, 250° F), the fuels
are listed in the same order as that of figure V-12 (a), but
little or no difference in lead susceptibility is apparent at the
rich fuel-air ratio except in the case of 2,2 3-trimethylbutane.
At the lean fuel-air ratio, 2,2,3 4-tetramethylpentane and
2,3,3,4-tetramethylpentane had the highest lead suscepti-
bilities. . . .

Olefins.—A. limited amount of data was obtained in the
17.6 engine to show the lead susceptibility of olefins in 20-
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percent-by-volume blends with isooctane. (See appendix A,
table A-7 (a).) For convenience, a portion of these data is
summarized in the following table:

o T ’ T.ead susceptihility of 20-per- T.
=T B cent olefinlc blends relative
e .

Inlet-alr tempornture (°F)

230 100

- . - h ut-l-uhf ratlo

o0es | on | 005 | ol

z,’a-dlme;&g-z-pentenc e e s ‘095 } Lo0 | 100 | 0.9a
2,3,4-trimethyl-2-pentenc.. .. .| 108 L05 1.05 1.08
84,4 trimethyl-2.pentene 21111111 100 [ Lo | Los | 100

Aromatics—In figures V-12 (¢) and V-12 (d), the lead
susceptibilities of aromatic blends are shown. The blends
in figure V=12 (¢) are listed in order of decreasing responsc
at the rich fuel-airratio. At this ratio, the data indicate that
1-methyl-4-ethylbenzene is the aromatic most susceptible to
additions of tetraethyl lead. This particular aromatic also
had the greatest response at the lean fuel-nir ratio. From
figures V-12 (¢) and V-12 {d), lead susceptibility is obviously
affected by fuel-air ratio.

At the higher inlet-air temperature (fig. 'V-12 (d)), the
trend in lead susceptibility differs from that observed af.
100°F (fig. V-12 (¢)) for the aromatics. TFor the rich fuel-
air ratio (fig. V-12 (d)), three of the aromatics, 1-methyl-
4-ethylbenzene, 1,3-dimethylbenzene, and I-methyl-t-
isopropylbenzene, appear to be the most susceptible. At
the lean fuel-air ratio, however, fert-butylbenzene is con-
siderably more susceptible than the other aromaties.

Ethers.—Lead susceptibilities of the ether blends are
presented in figures V-12 {¢) and V-12 (f). At an inlet-nir
temperature of 100° F (fig. V-12 (e)), methyl ferf-butyl cther
and p-methyvlanisole have the greatest lead susceptibilities
at the lean fuel-air ratio. At the rich fuel-air ratio, methyl
tert-butyl ether has the highest suseeptibility with anisole and
p-methylanisole next. .

At an inlet-air temperature of 250° F (fig. V-12 (f)), thae
three fert-butyl alkyl ethers have the highest susceptibilities
at the lean fuel-air ratio. The three aromatic ethers and
methyl ferft-butyl ether exhibit the highest susceptibilities at
the rich fuel-air ratio.

Comparison of classes of compounds.—In figure V-13,
the lead susceptibilities are plotted against boiling points for
the isomers having highest lead susceptibilities in cach class
of compounds. At both lean (fig. V-13 (a)) and rich (fig.
V-13 (b)) fuel-air ratios, the low-boiling ethers appear to
be most,_susceptible to tetraethyl lead in the boiling range
from 125° to 160° F. Above 160° F, the aromatics show
the greatest lead response.

CONCLUDING REMARKS

On the basis of an investigation of the type reported
herein, it is difficult to draw any specific conclusions, inas-
much as antiknock characteristics are influenced by many
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factors. The relative order of antiknock ratings of 2 series
of compounds is influenced by engine conditions, by the
tetraethyl lead content, and by the concentration of blending
agent in the base fuel with which & comparison is made.
With consideration for these factors, tert-butylbenzene,
methyl and ethyl teri-butyl ethers, 2,2,3-trimethylbutene,
and several nonanes were among the best compounds in
their respective organic classes. This selection was based
upon temperature sensitivity and lead susceptibility as well
as antiknock value.

In an effort to generalize the data obtained in this investi-
gation, the subsequent conclusions are expressed in terms of
the relation of various performance factors to the gasoline
boiling range as influenced by the classes of organic com-
pounds investigated. Furthermore, these conclusions must
necessarily be restricted to the limitations of this investi-
gation and therefore cannot be applied without exception.

Antiknock ratings.—In the low-boiling gasoline range, the
highest antiknock ratings are smong the more volatile
paraffins and ethers. In the intermediate gasoline range,
the ethers excel: in the high-boiling range the aromaties have
the highest antilkmock ratings.

Temperature sensitivity.—In the low-boiling gasoline
range, the data are incomplete as regards temperature sensi-
tivity, but there are indications that the volatile ethers are
more sensitive to temperature changes than are the paraffins
or aromatics. In the intermediate and high-boiling ranges
of gasoline, the aromatics are more sensitive to temperature
than the paraffins and the ethers. Moreover, the aromatics
that have the highest antiknock ratings are also sensitive
to temperature.

Lead susceptibility.—In the low-boiling gasoline range,
the data are incomplete as regards lead susceptibility, but
there are indications that the more volatile ethers are more
susceptible to additions of tetraetbyl lead than are the
paraffins and the aromatics. In the intermediate and high-
boiling ranges of gasoline, the aromatics show greater lead
susceptibility than either the paraffins or the ethers.
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CHAPTER VI
AROMATIC AMINES AS FUEL ADDITIVES

In addition to those fuel components that may be classified
in the broad category of blending agents, there are other
compounds known as fuel additives. These compounds are
generally distinguished by their chemical dissimilarity to the
constituents normally found in petroleum and by their pro-
nounced effect, when present in even small concentrations,
on certain fuel characteristics. An optimum concentration
of additive for over-all fuel performance can usually be found
that best satisfies all requirements of the fuel; that is, the
concentration of additive that will yield maximum improve-
ment in a given fuel characteristic may have a deleterious
effect on another equally important characteristic so that a
compromise must be made.

By far the most important of the fuel additives are the
so-called antiknock dopes. Tetraethyl lead (ch. VII), one of
the most widely publicized additives in use today, is known
primarily for its knock-suppressing qualities. The critical
shortages of tetraethyl lead and the high-antiknock blending
agents during World War II stimulated the search for other
compounds that might be of value as antiknock agents. The
NACA participated in this search for new antiknock addi-
tives, and a summarization of that survey of the aromatic
amines is presented in this chapter.

Although the studies of the NACA placed greatest empha-
sis on the antiknock qualities of the aromatic amines, other

" properties were investigated to determine the useful concen-
trations that could be employed. These properties included
low-temperature solubility measurements and determinations
of the gasoline-water distribution coefficients. In addition,
new methods of analysis were devised to determine the
quantities of amines present in prepared fuels. Such ana-
lytical methods are necessary for purposes of fuel inspection
because the use of additives is controlled by specifications.

ANTIENOCK EVALUATION OF AROMATIC AMINES

Engines and test conditions.—Two small-scale engines and
one full-scale single-cylinder test engine were used in the
evaluation of the antiknock characteristics of aromatic
amines. One small-scale engine was a CFR engine that
conformed to the A. S, T. M. Supercharge method for knock
rating except for the fuel system and the method of knock
detection. The fuel system was arranged so that fuel was
circulated through a primary pump, a fuel cooler, and back
into the injection pump gallery. EKnock was detected by a
magnetostriction pickup unit in conjunction with a cathode-
ray oscilloscope. Inmplent detonation was taken as the
criterion of knock.

As pointed out in chapter II, antiknock behavior at one
condition of engine operation does not afford a satisfactory
basis for estimation of performance at another condition or
in another engine. For this reason, the following three sets
of conditions were chosen for the small-scale engine evalua-
tion of the aromatic amines.

556

Inlet-air Caolaut
Spark wlvance
temperature temperature
g ) ELNI”. T.C) g )
A.S.T. M, Buperchan,e standard
conditlons. ... ... 228 45 375
Condition A ..o 250 . a0 250
Conditlon B oo cocoooeoeee 150 k. 250

The engine speed of 1800 rpm and compression ratio of 7.0
were held constant throughout the investigation.

Of these three sets of conditions, the A. S. T. M. Super-
charge condition is considered to be the most severe hy
virtue of the advanced spark and high coolant temperature;
condition A is somewhat milder; and condition B is the
mildest of the three. Additional runs were made in the
second CFR engine, which was equipped to conform to
specifications of the A, S. T. M. Aviation method for knock
rating.

At each of these conditions, 2-percent (by weight) blomls
of the aromatic.amines were examined withh AN-F-28 (28-1R)
fuel as the base fuel. In order to eliminate reproducibility
errors, the straight base fuel and the base fuel containing
amine were compared on the same day. The selection of
2 percent amine as the only concentration to be investigated
was determined primarily by the quantities of amines avail-
able.

The full-scale engine investigation was condueted in an
air-cooled aircraft cylinder mounted on a Cooperative Uni-
versal Engine (CUE) crankease. The auxiliary apparatus
used in these tests was similar to that deseribed in reference I
except that a beat exchanger was installed in the cooling-air
line to control the cooling-air temperature; the exhausi
system was so modified that the engine could be operaled
either at atmospheric or reduced exhaust pressure.

The cooling-air flow was determined for each run by oper-
ating the engine at a brake mean effective pressure of 140
pounds per square inch and a fuel-air ratio of 0.10 and by
adjusting the demper valve in the cooling-air line until
rear-spark-plug-bushing temperature of 365° I was reached.
'Fhe cooling-eir pressure drop across the cylinder was main-
tained constant for each run.

Mixture-response curves were determined at two operating
conditions: (1) simulated cruise conditions recommended by
the Coordinating Research Council (CRC), which speeify an
engine speed of 2000 rpm, an inlet-air temperature of 210° I,
a spark advance of 20° B. T. C., and atmospheric exhaust
pressure; and (2) a modification of these CRC conditions
that consisted of an advance spark setting of 30° B. T. C.
and & reduced exhaust pressure of 15 inches of mercury
absolute. The exhaust pressure of 15 inches of mercury was
chosen in view of carlier test results (reference 2) in which a
critical relation was shown to exist between manifold and
exhaust pressures and knock-limited power in tho lean region
where the manifold pressure is within 10. and —5 inches
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TABLE VI-1L.—ANTIKXOQOCK EFFECTIVENESS OF AROMATIC AMINE ADDITIONS TO AN-F-28 (28-R) FUEL IN _
. SMALL-SCALE (CFR) ENGINE CYLINDER =

i . j
Imep of aromatlc amine plns 28-R - .
: Relative powers: Tmep of B’ . - -
Faelair ratio -
Aramatic amine (2- nt addition to ; A8 T.M.L 7 7
_ B—Rm 0.062 t 0.07 0.09 0.11 Aviation
: mttngs!:_ —
Condition ' Condition Condition Condition -.
I A.S.T.MM. A.B.T.M. ! A §.T.AM. A S.T.M. o
i Sppercharge A B Supercharge a E B Supercharge 4 B Superchm‘ge boa B
I~
100 Lo | L60 1.00 100 | Lo 100 Loo | Loo. 1.00 Loo | Loo
1.00 L | L13 or Lor | Li5 L L1 [ L15 109 LI | L4
.53 11 | 110 .99 L1 | 118 105 115 | LI Lis L1z | 110
R 08 | Tos o7 T.0¢ | Lot Lod 105 | 1.0S 1.0 Lot | L4
L0 ro ! o3 98 1.06 | 1.08 56 LG | Los Lz 1oz | 106
_98 06| T 95 85 | e % oo | Let Lo L.os | La
.0 1.00 | 163 -0 4 fonor 9l 100 | Lot 1.01 Lo | no
67 1oz | Lo 81 Lo | tor e Lo | rot Le2 08 | Le2
X, N-Dimethylonfline oooooooo ] oo 99 | not [ o3 Lo | .- N 90 [ .00
10 N,N-Diethylanfline. ..o | oo o. Loo | 1er | [IITC 88 | o8 Too | loe 1,00 Lo3 | Lot
IL TOIUdmE . mmemmmemeooooeomcmemmens .88 Le | La .92 1oz [ L4 .90 10§ | L10 107 Lo | L15
12 m-Toluidine._ -08 115 | Loo -6 116 | Log 105 108 | L10 1.09 Los | LiI
13 p-Tolaidine . 1.0 Los | Lm2 L6 113 | Lu 100 LI | Li2 Li1 Ly} Ln
.- 14 e-Ethy] 1.00 o | 1o4 Lroo 103 | Lot o nos | Loa 100 Lot | LoF
15 p-Ethylaniline. o7 110 | L1z o7 L3 | 112 1.04 112 | ris L9 118 | L1z
18 o-Isopropylaniiine -a2 o | oo 93 NN L90 Lol | 1.08 57 0L | 1,05
¢ -Lsopropylaniline - 1.00 Lo [ 118 1.00 Les | 116 Loz i1 | L8 L L16 | 1.12
18 “Butylaniline ____.__._. 1017 .08 o2 | Loe .03 Lez | 1u 1.08 1o | 108 L niz | 1.10
19 24 Xyldine . o ooooecmanee .98 L& | L1 .92 .08 | LIt .08 LIz | LI18 1.05 112 | ri2
20 2)5 XyHdine .. ... 000 _ “o8 Lo | LI2 & Lor | L1z o7 L0 | 1.09 L0 107 [ LI
2 z,a-qudLue .......... .95 Los | Lo7 100 1 | L1 106 110 ! I.10 Lor L5 | 112
22 94 Diethylaniline ... 8T 98 | Lot .02 o2 | Tod R Lo3 ! ros .08 Los "L
2 2 Methyl-5-sopropyianiine .. - : .86 L0 | T .86 Lo | i -85 Lot | 112 L1 LIy 112
21 2,4,6-Trimethylaniline ___._.______..._. .88 118 | Los .82 LOT | 1.05 .98 Le8 | 108 1.65 .10 | L1’
2 N-Methylo-tolaidine ... ..oo—.- T .67 | L08 .96 1067 | LoF 96 | 1o [ 109 ‘L2 LIl | LIt
28 X-Methyi-p-toluidine ... .88 113 | 1.18 .91 Lo | LIF 105 L2 | 119 L1o L8 | 116
2 N-Methyl-p-ethylaniline_ . ) ~o7 11 | LI3 68 118 | 116 Los ri ] L2 L L5 | L1a
2% N-Alethyl-p-isopropylaniiine. .. 295 115 | L1 105 117 | 114 1.08 L4 | L2 L15 LI | Lit
2 N-Methyl-p-fert-Butylonfline ______[ - 1.00 i1 | L2 Lol L1 | Ll 1.02 116 | 110 L4 112 | 110
, 80 N-Ethyl-p-toluidine _____._._ Lo 1o | Lor 08 106 | 106 ‘o8 Lot | rer Loz 1L0¢ [ LO8
. 3L N-Isopropyl-p-ioluidine..._____. .89 .80 LG .87 .80 1.00 .88 L0l L3 .86 y L2 1.8
© 32 X-Tsopropyl-p-lsopropylantiine 100 Leo | L00 o0 roz | o8 Lo 1ol | Le2 o0 | L8 | L@
58 }:—Methyl—?,uyudm ................. ! .98 107 | L0S 1.00 108 | L0§ 1.00 Leo | LO6 Lo+ | LIS | LM
4N Dmthyl—"-methv[— -Isopropyl- | .
............................... ) .97 o7 | Lo .95 o7 98 .81 58 | .99 o7 % ! Loo
FTES V—D[methy[—Z,Lﬁ-rrimel:h.ylunﬂ[ne_.l o | Lot | .8 -85 8 | .. 88 w | .o o o | .8 T
. % N.N.Dimethyl-p-phenyknedizmine_..) o7 LIZ | .- .80 rs ] -] e J1s | ] 1w [re] .. -
3T h N Dtmethyl-p—pbenylened.hl.mme [ 1.15 [ 118 [ R, [~ S S . [ A ST
3% N,N-Diethyl-p-phenylenedinmine. _._| 68 L | 1710 8 Lo | 108 | UL LI L1 Ll L Ll %
39 Diphenylamine. __...oeeco-oocceeeen- (ot [iu | L0 | L6 tos | Los | 109 10 f ! 1u ; L15] L0 R
40 MethyldiphenyBAmine. _ oo ceeeeeeeee [ oo | ros|re] i Lo | rot | Lot L0l ) L00 , Lol | LOI | LOT 00 g
- 41 o-MethoxyaniHine . .....oo..ooeeeeen T ) | T N Lo | nos | e | res [ Lo ... p ¢
» Data from references 2 to 6. -

b Performarice numbers.
= 1.78 percent amine added. -

influence of day-to-day variations in engine reproducibility
is reduced to & minimum because each blend was examined
on the same day as the base fuel.

The datsa from table VI-1 have been plotted in figure Vi1

mercury of the exhaust pressure. The spark edvance of
30° B. T. C. was chosen because of the interesf in aircraft-
engine operation at advanced spark under cruise conditions.

In the full-scale engine studies, 2-percent (by weight) amine
blends with AN-F-28 fuel were elso used.

Enock-limited performance.—In ordeér to present the most
reliable comparison of the many amines examined, the anti-
knock ratings of all blends are expressed as power ratios
(references 8 to 7). The small-scale engine results shown in
table ¥I-1 (except for A. S. T. M. Aviation results) are
therefore expressed as the quotient of the knock-limited
indicated mean effective pressure (imep) of the amine blend
divided by the lmock-limited indicated mean effective pres-
sure of the base fuel (AN-F-28). By this method the

to illustrate the relations that exist between &ntlknock
effectiveness and molecular structure. Becguse the A.S.T. \I
Supercharge method is a rich-mixture rating method, only

the data at a fuel-air ratio of 0.11 have been considered in )

this analysis.
Fuel sensitivity (ch. IT) is an obstacle to the development
of any rigid generalizations between chemical structure and

FREES

performance. For example, in figure VI-1 (2) at A. S. T. M.

Supercharge conditions, it is seen that 15 aromatic amines
have antiknock values equal to or greater than aniline. At

condition A™(fig. VI-1 (b)), 17 aromatic amines are equal to
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F13URE VI-1.—Antiknock effectiveness of 2-percent aromsiic amine blends with AN-F~28
(28 R} fuel. Fuelair ratio, 0.IL.

or greater than aniline, but at condition B (fig. VI-1 (c)), -

only 5 compounds are equal to or greater than aniline.
Purely from consideration of nominal engine operating con-
ditions it will be recalled that the A. S. T. M. Supercharge
condition is probably the most severe, with condition B the
mildest, and condition A intermediate. It is obvious, then,
that some risk is involved in & statement that any single
amine is always better than aniline. In fact, N-methyl-p-
toluidine is the only compound that did exceed aniline in
antiknock value at all three conditions, and at condition B
the margin of superiority was, for all practical purposes,
negligible.

On the basis of the data contained in figures VI-1,
however, two generalizations can be made with regard to
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FIGURE VI-1.—Continued. Antiknock effectivencss of 2-percent aromatic sine blends with
o AN-F-28 (28-R} fuel. Fuel-alr ratio, 0.11.

r

structural trends. The first of these is as follows: HWhen
one hydrogen atom in the —NH, group of any given primary
aromatic amine 18 replaced by an alkyl group, the greatest in-
crease or.least decrease in antiknock value from that of the
primary amine will result when the allyl substituent is a
methyl radical (—CH,). This statement is supporied by the

following data:
Relutive Power
Aromatic amine AS.T.M
- . Bﬁpo‘rch-nrgé Condition A | Condition B ;

1.09 LI 114

1.14 1.1% 1.10

1.01 1.04 1.04

1.02 L02 108

L0 101 1oL

1.01 L04 1.01

LO2 .09 1.02

Tolutdine 111 1.14 L1l
-Methyl-p-toluidine. .. ___. 1.18 1.18 115
N-Ethyl-p-foluidine.. ... 1.02 1L.H 1.08
N-TsopropyT-p-tolufdine.. ... .96 102 .03
-Tsopropylanillne....__..._.... L1l L.16 1.12
-Methyl-p-Isopropylaniline. . L16 1.11 114
N-Isopropyl-p-Isopropylaniline. .......... 1.0 1.08 LO03
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For each of these three series of compounds, the antiknock
values of the three primary amines considered as bases
(aniline, p-toluidine, and p-isopropyleniline) were increased

more by the substitution of g methyl radical for one of the.

hydrogen atoms attached to the nitrogen than by substitu-

tion of any other radical. For the two cases where the per- ~

formance decreased (N-methylaniline at condition B and
N-methyl-p-isopropylaniline at condition A), the decrease in
performance was less with the methyl radical than with any
of the other radicals examined. ' '

The influence of replacing & hydrogen atom attached to the  _

nitrogen with an aromatic radical was investigated for only
one compound ; however, in this one case the aromatic radical

appeared approximately equal in effectiveness to a méth};l-____;__

radical, as shown by the following table:

1 .

E Relative Power_

b Aromatie amine

i é'ﬁpser;rhaiée Condition A { Condition B

1 -

]

! Anfline 1.00 111 L1

. N-Methylaniline___________ ... 1.14 112 L10
e e I L15 L10

I S

The second generalization of the data can be made with
reference to hydrogen substitutions on the aromatic ring:
The addition of an alkyl radical to the aromatic ring of an
aromatic amine ts more effective insofar as entiknock value is
concerned when the addifion is made in the para position rather
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TABLE VI-2—ANTIKNOCK EFFECTIVENESS OF AROMATIC-AMINE ADDITIONS TO AN-F-28 (28-R) FUEL IN A
FULL-SCALE AIR-COOLED AYRCRAFT ENGINE CYLINDER »

For each compound there ere two rows of values. The first row Is imep, Ib/sq in.; the second is ime[: ratio, which Is the ratio of the imep of 98 peroent 28-R fuel plus 2 percent arometic amina
to the {mep o 28-R.j i _
- - - Relative power (engne speed, %000 rpm; inlet-elr temperature, 216° I-;; compression ratlo, 7.8)
Sperk advance, 20° B. T, C.; exhaust pressure, 20::0.5 In. Spark adveance, 30° B. T. C.; cxbaust pressure, 15 In.,
. - Hgabs, — R Hg abs,
Aromatlio amine (2-percent additlon to 28-R) . e . . . .
Fuel-air ratlo . . Fuelalrratlo
0.005 0.07 0.08 om.'jr 0.10 0.065 _om 0.08 008 610 -
Base fuel (28-R)...... e 141 185 | om 25 | 263 166 ) 203 220 0
o nor | T Loo 100 |- 100 .00 . 100 1.00 100 1.00 Lo
N-Methylxylidines (mixed isomers). ._.___ N 166 | 103 222 .| 238 | o83 173 184 09 232 2%
T ] 1.16 1.25 106 L0 L1z . Lot L@ 103 1.03. 106
N-Methyleumidines (mixved Isomers). ........ S ], 108 208 245 | w2z | a0 182 14 220 245 259
) e _ | L8 1.4 117 116’ 1.15 1.10 Lo | Lo 1.08 L1o
N-Methyltoluidines (75 percent p-, 28 percent ¢-). ... 195 218 244 5 288 178 187 204 29 ol
L 1.39 L7 | Ll TLu Lo 1.05 Lot 1.06 TL1.
Xylidines (mixed jsomers).. 172 g2 1 a0 257 1 280 173 184 M4 . A 257
) . I 122 124 L10 | Lo L1 104 1.03 108 1.05 1,00
Cumidines (from refinery cumene—méxed isomers) . ... 184 200 ° 237 %7 | =3 178 188 215 =2 ! gm0
R R 120 118y 1e| Timo Le | Lo 1.00 L@ | Los
N-Methylaniline. . ... ... " G T I T 240 . 20 | 200 240 1
1.96 1.3 Lis L1t 1.15 t Blw | e | Mo 108 | &
- . .’L.. 2, L e . oL oL . I
s Reference 8.
o N,'"N—D','n/;efhy/rp'-/f IR - than in the ortho or meta positions. This statement is based
phenylenediamine - z . .
o Diphenylamine on the following dafa:
= Aniline i _ :
o N, N-Dfeghy/-p— AR : i L _
. phenylenediamine 4 — - - o N
o 2-Methoxyaniline Al o O Relatlve Power
@ m"_lz-eﬂg_;’_)-’;e - D s o e ) * Aromntfc amine BT
v o=Toluid i o . 8. T. M, N
P OTth}//aﬁﬂf/_?Q' - > Btiporchiargs | Condition A | Condition B
a N-Mefhylaniliinet 1 | - = - '
E N-Methyldlphenfiamine Anlloe. " ..o Lov L LU
N, N-Dime#hylanifine . . ) o-Toludine - Loy 1.09 L15
N XVidines fommercial} - : —~ mToluldine..... Loy Los L
4 & 6-Xylidine |- |- C b : . -
; . T P R
R . . ~Methyl-o-to ne. mmmmmmmann . . .
20 C-N-C C-CN-CC| 4 .| N-Methyl-p-toluldine .0 1lg 118 Lis
/g 9 b Aniline____. . 1.08 L Lu
o ] o-Ethylaniiine_ .._._ R —— 1.00 104 =07
f i / - -1 p-Ethylaniline .. _______ — 108 113 1.12
1ok | - 5 Gl T -
i ’ ~ Anilne._____..______ 1.09 L11 114
/ . /ONO / : 1 . o-Isopropylanilineg. .. 97 1.01 1.9%
1 i - p-‘fsopropylanmne._ 1,11 1,18 . L12
. [N T N -
v ' _, +—— ~C T . . '
R 1 : / L o s - Thesmall number of A.S.T. M. Aviation ratings (table VI-1)
§-/0 /7% does not justify inclusion as supporting data for the
E- Noc / | foregoing generalizations. It is interesting to note, however,
~ -201—H# / e % Nl T - - — that the addition of diphenylamine improved the perform-
é / / / N = ance of the base fuel by 15 performance numbers more than
2 _30 Q/ / 4%/ // 1 : /ﬁcl‘c C - any of the other aromatic amines for which A. S. T. M.
§\ / / LY [N '.NC Aviation ratings were obtajned.
. 0 { ) OF FeNg | One additional observation to be made from the data of
— A - e e B : : .
3 S / V A L1 /3/‘71{ " table VI-1 concerns the replacement by alkyl radicals of
'g‘ ; 1] 45’/ : =1t both hydrogen atoms attached to the nitrogen, that is,
S -50 - ' - S -
5 e LN T -
/ /) /7/ . rQ S _ - _ ]
LU #EAT [ e #. . —NH;»—NHR--NR,
" = _ g : L, : - )
%/ Army-Navy 7‘.‘—-e.=<'5-z/nlgt,«:fo,'mfl specification :
| - e L] .
0 ; _ | J - As shown by the following comparisons, the replacement of
o & 4 6 8 0 12 one hydrogen atom by an alkyl radical is more effective for
Amine concentration, percent by weight L. . . s .
. maintaining or improving the antiknock value of the starting
FIGURE VI-8.—Bolubility of aromatic amines In grade 65 base stock with aromatle hydro-

carbons extracted. (Fig. 2 of reference 9.) compound than replacement of both hydrogen atoms:
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Relative Power
Aromatic amine
éﬁpse-r;rhhgé Condition A | Condition B
Anfiine_ = 1.09 L L14
N- Methyl:m[lme ...................... Li4 L12 1.10
N,N-Dimethylanfllne . ____________ ] — .89 100
Anfline. - i L.0g Lu 1.14
N-Ethylaniline_ - 1.01 Lo4 1.04
N,X-Diethylanfltne_ ____________________. L0 183 101

Suitable quantities of the pure aromatic amines used in
the small-scale engine studies were not available for the
full-scale engine investigation (reference 8); therefore, a few
isomeric mixtures were examined. “The results of these
tests are presented in table VI-2.

The data show that all the aromatic amines increased the
Eknock-limited performance of the base fuel at both full-scale
engine conditions throughout the fuel-air ratio range. At
both sets of engine conditions and lean and rich fuel-air
ratios, the blends of N-methylcumidines, N-methyltoluidines,
and N-methylaniline were about equal in knock-limited
performance, and all three were superior to the other blends
tested.

When the severity of the test conditions was changed by
advancing the spark and reducing the exhaust pressure,
contrary effects were noted for the several blends. In every
case the rich-mixiure (fuel-air ratio, 0.10) knock-limited
performance of the several fuels was decreased by the change
of conditions. The lean-mixture (fuel-air ratio, 0.065) per-
formance of 28-R fuel and the blend containing N-methyl-
xylidines avas increased, whereas the blend containing xyli-
dines remained about the same. The percentage tmprove-
ment in the knock-limited performance of the base fuel
resulting from addition of the amines was less at the con-
dition of advanced spark and reduced exhaust pressure than
at the other condition.

PHYSICAL PROPERTIES OF AROMATIC AMINES

Of the physical properties examined in the NACA investi-
gation of aromatic amines, low-temperature solubility and
gasoline-water distribution coefficients received the greatest
attention. The low-temperature solubility characteristics
are of primary importance because of specification require-
ments that the additives must remain in solution at the Iowest
temperatures encountered in service. Current fuel specifica-
tions limit the freezing point to a maximum of —76° F
(—60° C). Gasoline-water distribution coefficients are of
interest because of the wide usage of water-distribution
storage systems. In such systems the additive may be
extracted from the fuel by diffusion when fuel and water are
in intimate contact.

Physical properties, other than low-temperature solubility
and gasoline-water distribution coefficients, were determined
for the amines examined and are presented in table VI-3.

Low-temperature solubility.—Solubilities of 42 aromatic
amines in blends with gasoline were measured at tempersa-
tures as low az —85° F (—65° C) and at concentrations as
high as 10 percent by weight (reference 9). The solubilities
of aromatic amines are appreciably affected by the compo-
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TABLE VI-3.—PHYSICAL PROPERTIES OF
AROMATIC AMINES »

Index of [ Density
Aromstic amine Bofling range b (°C) | refrac- | (grams/
tion o# mt)
Anflfne . 184-184.5 1.5853 L2220
N-Methylaniline 185-196 L5704 . $860
N-Ethylaniling 203-204 1.5538 8607
N-Propylaniline. 220.5-228.5 L5428
N-Butyleniline 240.0-240.5 1. 5389 s 723
N-Isopropylaniline. -| 206.5-200 L5404 9374
N-{erf-Butylaniline 05 at 16 mun L5270 9244
N, N-Dimethylanfline 182.6-193.5 1.5680
N, N-Diethylanfline __._________________ 25-A7 1.5418 B4v
oTolnidine 108.5-201.5 15718
m-Toluidine —— 202.5-203.5 1.5674 9393
T alaidine 440444 000 il | oo
-Methyl-p-toloidine . . _______________ 209-211 1.5570 0610
\-Methyl—a—tollﬂdjna ___________________ 206.5-207.6 1 5646 9783
-Hethyltc;hﬂdln.es (60 percent p-, 40 | 208.5-215 L. 5600 0608
\%&thylt&;luld!nes (50 percent p-, 210-213 1.5580 9038
N Teonromelp folatdie 11T %E?ﬁ TRl | o
zopropyl-p-tolafdine . ________________ 1
Euhy]nnl{lne 1 1.5602 9810
{- 1. 5547 8672
Methy[ {hethylanﬂ.[ne 1.5485 9485
N-Methylethylaniline, mixed fsomers.__ 1.5493 9503
(from chlorcethylbe; nzenes)
p-tert-Butylaniline 86 5-98.0 at 1. 5888 9446
56 mm
o-IsopropyInnﬂ!.ue _______________________ 219-220 15484 9643
Q— pylanfline - 225.5-228.5 1.5432 9514
Met.h} ;i-isopropylanmne _____________ 2490 1.538%0 9347
opylaniline. _________. 246-247 1.5209 9075
4=, rl.methy ___________________ 110.0 at 15 mm 1.5502 9615
(from synthetic cumenes}. . 226 L5448
Cumidines (from refinery enmenes) ______ 22241 L5434 4331
\T-\It)ethylcum(dines (from bromoecnme- | 237.5-241.5 1.5390 9366
N-2Methyl-p-tert- buf:ylanﬂ.[ne ............. 245.5-240.5 L.5348 . 8305
o-Methoxyaniline ... __________ 224-225 1. 5780 10831
Xylidines (com.mere!al) _________________ 216-210.5 L 5601 s g
24-XyHdine. 215.0-216.5 L 3591 L9751
25 Xylidine___.. 216 1.5506 . 9785
2,6-Xylidine____. 218-217 1.5616 . 9768
N-Methyl-2,4-xylidine 221-222 1.5542 9532
-Methleyl!d.!nes (from bromoxylenes)..| 220-227 1.5540 9586
Ianﬂlne _______________________ 241-242 1.5433 511
T T — b | o
ethy] ethyl-5-isoprop; | 84 at 5 mm .3
N",N—Dimethyl—,é,ﬁ-trmethylanﬁlne____ 2185 1.5116 9086
Psendocumidine (technicaly . ... 226-241 1.5568 9720
Diphenylamine 520838 00 b e | aee.
g: Tenediamine .. ______ € I.-HJ.O—IL‘LD .......... —
Methyl- &pheny!enediamfne 121 at 5 mm L62l | ..
\,N ~-Dimethyl-p-phenylenedfamine. 108—111 at 46 mm [
N,N-Dlethyl-~ p—phe.uylenedlamine ________ Il7et25mm | oocon | ammeoo
N,N’-Dimethyl henylened!am[ne _____ Uretlmm | . | ee_.
-Methy[d.[p ﬂm Ine 205296 16224 10527
s Table I of reference 9.

e T L e -
sition of gasoline to which the addition is made; therefore,
three different base gasolines were used:

1. Grade 65 gasoline from which aromatic hydrocarbons
were successively extracted with 10-percent fuming sulfuric
acid and silica gel.

2. Extracted grade 65 gasoline to which was added 15
percent by volume of an aromatic mixture of 5 parts tylene
2 parts cumene, and 1 part toluene.

3. Different batches of typical current aviation gasoline,
AN-F-28 (Amendment 2) fuel containing 12 to 20 percent
aromatic hydrocarbons by volume. _

The apparatus for determination of low-temperature sol-
ubilities of the amines is shown in figure VI-2. Briefly, the
procedure used in reference 9 to determine the solubility
consisted in slowly cooling and stirring the gasoline-emine
sample in the sample tube until the amine separated as a
cloud from the gasoline; the temperature at which the cloud
formed was recorded. The sample was then slowly warmed
until the amine wenf into solution and the eloud disappeared;
the temperature was again recorded. These two tempera-
tures were averaged to give the incipient-separation temper-
ature or cloud point. Cloud points were reproducible to
within +1.5° C.
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TABLE VI-—SOLUBILITY OF AROMATIC AMINES
IN THREE AVIATION FUELS AT —60° C»

[Percentages by weight]

r
I éromat(lle-
Aromste- | [Le¢ grade

[ Aromatic amine frea grade et | AN-Fm

volume

i - aromatics b

! (1 S S,
N-Meth 12(-62° C) >10
N-Ethy e 10 S10
N-Propylanil >10 >10
N- opylaniling. . >10 >10

i N-terl-Butylaniline. >10 >10
N,N-Dimethylanfiine. - 0.8 3

1 N.N-Diethy]nnmpe.,- >10 >10
o-Toluldine . 4.2 4.4

; m-Toluid 2.6 3.6

1 N-Methy >10 >10

| N-Methyl-o-tolnidine >10 >10
N-Methyl tuuuuuwa (from chlorotoluenes)y.._.] >10 >10 10
N-Ethyl-p-tolnidine. .. >10 >10 10.
N-. Isoprop I-p-toluld!ne >10 >10 10

. o-Ethy nﬂme ......... 0.0 S10 10

: N-Meth 1-p-ethylaniling  _ oceoeeeeeepaeea >10 >10 10

) N-Methylethgelanmne mixed isomers (from _

’ chloroethyl nzeness S B ) >10 >10
g-Isopropylanillng_ . ... >10 - >10 >l10
g]lsoprop faniline........ >10 >10 >10

+ N-Methy -bopropylanﬂ.lne - >10 >10 >10

| N-Isogropyl?- pylaniiine_ __....ccomeoa- >10 >10 >10

omt synethetic CUMENes) _ovmnnn >10 >10 >10

i Cumidines {from fefinery mmmenes)..._____... >10 >10 >10

| N-Methylcumidines Sfrom bromocumenes)_..| >10 >1¢ >10

I N-Methyl-p-tert-butylenfline .. ... >10 >10 >10

| 2-Methoxyaniline, e <0.5 <0.5 <0.5

- Xylidlnes (oommerolal) (reterenee 10). - 3.7 >10 >10

T2, 6-XyHdlne. oiiocecmeeena 40 11§ %1

| N-Methyl-2,4- >10 >10 >10

| N—Met.hylxylld >10 >10 >10

' 2,4-Diethylaniline >10_ . >1¢ >10
z-Methsl-a-iso opyleniline >10. . >10 >10
NN-DImethy -2-ethyl-5-Iso; lanilin >0 >10 >10

- ,N-Dlmet.hyl-?,%?ﬁ-h‘ ethy. >10 >10 >10

 Pseudocumiding (technical) ... .. >10 >10 >10

, Diphenylamipe.. . oocoeeeaaeo.-- <085 | aeeo-- &

Phen lenediamine ... ..., o<0. 8 0.5 o0&
-Met yl- p-pheneylenedlnmlne - a0 5 o0 5 o0 6
N, N-Dimethyl-p-Phenylenediamine <0.5 L5 <0.5
N N-Diethyl-p—phenylenedlnm.lne <0.5 RO .
N N’-D[methgl—p—{:a;n} lenediamine . . <0.5 [

J N-Methyldip eny ..................... 3.3 >10 >10

= T'able 11 of reference 9.
» Aromatic mirture consisted of five parts xylene, two parts cumene, and one part toluene.
¢ Solubility at room temperatore.

9 [T T T 1 ]
t C-N—C o N,N-Dimethy-p-
O phenylenediamine
o o Diphenylomine]
&) / : o Aniline ]
- LO-N-QO O E&-Methoxyaniline,
. / - /; A m-Toluldine
8_,0 v o-Toluidine _|
2 i / N 4 N-Methyraniline
o Vi ') > N,N-Dimethytanitinel |
§'-20 g! : Qo-c
£ ;
T / 4
8 Iy
B 4 N C-N-c
8- / Qp Ql
g P
4 X -
§ -50 % N L N—lc—
2 p —
3 - 10 O
g : .
-~ -60 ) '/ / - /
U -Army-Navy freezing- A
poim‘ speciﬁcohonl
-70 1 | .
a 2 <4 8 8 o 2 14 16

Amine concentration, percen'f by weight

TF16GRE VI-4.—Bolubillty of aromatfo amines in blend of 85 percent extracted grade 65 base
stock and 15 percent (by volume) of aromatic mixiure consisting of 5 parts xylene, 2 parts
eumene, and 1 part toluene. (Fig. 3 of referonce 9.) .

: 9-(&;0 o] N N-Dfmsfh_yl-p-
53 phenylenedfamme
a Diphenylamine
.o To Aniline
0 O-N-O O 2-Methoxyaniline
. / / N & m~Tolyidine
g0 v o-Toluidine.
3 / [ <4 N-Methylanilina |
1§_ . J f < N, N -Oimathylaniline
.0 r—) / P\-O—C
Q-20 U
s LV A
>
§-90 3 v
bLAE
F AV
b / N | Re GN-C
‘lt) 50 / . OC ] @)
- e C-N-
-% AxX /)'/ S
~-60 A £ -
¥ X X
- “rArmy-Navy freezing— —
70 ‘I point specification’

g~ 2 4 6 & 1a 12 14 18
Amine concentraotion, percent by weight

FicURg VI—& ~Solubility of aromstic amines In AN-F-28, Amendment-2, fuel. (Fig. 4 of

reference 9.)

The solubilities of the amines in the aromatic-free gasoline,
in the gasoline of 15-percent aromatic content, and in the
AN-F-28 fuel are presented in figures VI-3, VI-4, and VI-5,
respectivély. The amines that were soluble to at least 10
percent by weight at —76° F (—60° C} in cach of the gaso-
lines are

N -Ethylaniline

N-Propylaniline

N-Isopropylaniline

N-tert-Butylaniline

N,N-Diethylaniline

N-Methyl-p-toluidine

N-Methyl-o-toluidine

N-Methyltoluidines (from chlorotoluenes)

N-Ethyl-p-toluidine

N-Isopropyl-p-toluidine

N-Methyl-p-ethylaniline

N-Methylethylaniline, mixed isomers (from chloroethyl-
benzenes)

o-Isopropylaniline

p-Isopropylaniline

N-Methyl-p-isopropylaniline

N-Isopropyl-p-isopropylaniline

Cumidines (from synthetic cumenes)

Cumidines (from refinery cumenes)

N-Methylecumidines (from bromocumenes)

N-Methyl-p-tert-butylaniline

N-Methyl-2,4-xylidine

N-Methylxylidines (from bromoxylenes)

2 4—D1ethylamhne

2-Methyl-5-isopropylaniline

N,N-Dimethyl-2-methyl-5-isopropylaniline

N,N-Diethyl-2,4,6-trimethylaniline

Pseudocumidine (technical)
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At room temperature, N-methyl-p-phenylenediamine and
p-phenylenediamine were less than 0.5 percent (by weight)

soluble in the test gasoline; no additional solubility data were
taken for these compounds. At room temperature, N,N’-
dimethyl-p-phenylenediamine was soluble to the extent of 1
to 2 percent by weight but was too unstable to permit accur-
ate measuresment of solubility by the method employed.
N,N-Diethyl-p-phenylenediamine was tested only in the
aromatic-free gasoline.

When figures YI-3 and VI—4 are compared, it is seen that
composition of the base fuel greatly influenced the solubil-
ities of the amines. The addition of 15 percent aromatics to
the aromatic-free gasoline approximately doubled or tripled
the amine solubility. Solubilities in AN-F-28 fuel (fig.
VI-5) were about the same as those in the gasoline containing
15 percent aromatics. Representative samples of AN-F-28
fuel contained 12 to 20 percent (by volume) aromatics.

A summary of the solubilities of the amines at —76° F
{—60° C) in the different test gasolines is presented in table
VI4. The results were obtained by interpolating or extra-
polating the experimental data. The data obtained for
commercial xylidines (reference 10) are included for com-
parison.

The solubility of an aromatic amine in the aromatic-free
gasoline at —76° F (—60° C) may be taken as an indication
of the maximum concentration in which the amine could be
added to current aviation fuels on the basis of solubility
glone. The aromatic hydrocarbons present in most of the
wartime gviation fuels provided a margin of safety in pre-
venting this concentration of amine from separating at
—76° F (—60° C).

Gasoline-water distribution coefficients.—If a fuel con-
taining an additive such gs an aromatic amine is stored in
contact with water for an extended period of time, a certain
amount of the additive will be extracted by the water. An
anelysis of a fuel-storage system in which this extraction
might occur was made by Olson and Tischler (reference 11)
in order to develop an expression from which the loss of
amine to water could be approximated. Storage systems of
this type have been variously termed ‘“overwater storage
systems, water-displacement storage systems, and aqua
storage systems.”

As pointed out in reference 11, it is unlikely that a single
expression can be written for use under all conditions en-
countered in practice, but certain assumptions permit a

mathematical derivation of an equation that covers a wide -

range of situations. In the operation of a tank utilizing the
water-displacement prineciple, fuel is removed from the tank
by adding water at the bottom of the tank. Fuel is added
to the tank by removal of storage water from the tank.
Two phases, one of gasoline and one of water, exist in the
tank, which is full of liquid at all times.

The following assumptions are mdde in reference 11 in
determining the expressions for concentration. of additive in
fuel stored over water at any volume of fuel:

1. When equilibrium conditions are reached, the distribu-
tion law applies to the additive; namely, the ratio between
the concentrations of the additive in the two phases of the
gasoline-water system is constant at constant temperature.
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The ratio is described as the distribution coefficient and
defined as
- [additive concentration in gasoline phase
- {additive concentration in water phase

This constant must be experimentally determined for each
additive. It varies with temperature of the fuel and water
and with the nature of the fuel. Any variation in the dis-
tribution coefficient caused by additive concentration may
be assumed negligible in the range of concentrations produced
by the distribution process.

2. The volume of the additive itself, when present to the
extent of 2 or 3 percent or less, is negligible by comparison
with the volumes of gasoh.ne and water. The eqmllbnum
concentration is the minimum concentration of additive in
the fuel at the volume in question.

The following symbols are used in the analysis of refer-
ence 11:

K gasoline-water distribution coefficient (experimentally
determined)

X concentration of additive in gasoline before addition or _ _
removal of portion of fuel

X" concentration of additive in gasoline after addition or
removal of portion of fuel (at equilibrium)

7 volume of storage tank

V; volume of fuel in tank beforeé addition or removal of

. portion of fuel

1.’ volume of fuel in tenk after addition or removal of
portion of fuel

V. volume of water in tank before addition or removal of
portion of fuel

V. volume of water in tank after addition or removal of
portion of fuel

v, volume of fuel added or withdrawn (V,=1,"—717)

Y  concentration of additive in water added or withdrawvn

VA concentration of additive In fuel added or withdrawn

Because the manner in which an overwater-storage system
is operated is one of the most important variables influencing
the additive concentration in the stored fuel, two cases rep-
resenting two very different operating procedures have been
studied:

Cese 1.—The first case apphes to successive additions or
withdrawals of fuel stored in contact with water when an
appreciable period of time has elapsed between each addition
or withdrawal.

In order to approximate this situation it is assumed that
during the actual addition or withdrawal of fuel, no additive
is transferred between the gasoline and water phases but
that equilibrium distribution of additive between the two
phases is attained during the period between successive ad-
ditions or withdrawals of fuel. This assumption is based
on the slowness of the rate of diffusion of additive between the
two phases. The following equation will agree more closely
with the actual situation the Ionger the period between ad-
ditions or withdrawals of fuel:

XV 2V T 1) =X T T (Fam V)

a
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This equation may be expressed in words as follows:

(Quantity of additive in gasoline after addition or withdrawal
of fuel but. befare equilibrium)- (quantity of additive
in water after addition or withdrawal of fuel but before
equilibrium) =(quantity of additive in gasoline after equi-
librium) + (quantity of additive in water after equilibrium).

Expanding and collecting terms gives . :

EXVAKZVAXV,—KYV, +

X =RV IRV TT.—7, @)

If fuel is displaced from the tank by fresh water, Z=X,

I'=0,V/=V+V;and V,/=V,—V,. Then
> td Tfm+K ‘72,)
X=X VR 3)

Case 2,—The second case applies to successive small with-
drawals of fuel over an appreciable length of time. For this
approximation, equilibrium distribution of additive is as-
sumed to exist between gasoline and water at all times. An
equation of this sort permits evaluation of additive concen-
tration under circumstances where withdrawals of fuel have
been small, compared with the tank capacity, but very num-
erous. HEquation (4) may thus be considered as the result of
applying the equations of case 1 to an infinite number of
steps, with equilibrium established between each step.

Let AX:X,—X! AT;’l: Vn‘,_ ‘7):; and A T,m= "710’_ V’w
Then,
YI "7 '
XV =5~ X’—AX(V'—M )+
Y,—AX)(V '—AV)+ (X —AX)ATY, (4)

or, in words,

(Quantity of additive in fuel stored over water) -+ (quantity
of additive in water)=(quantity of additive in stored
fuel before removal of small increment)-(quantity of
additive in water before addition of increment of fresh
water) -+ (quantity of additive removed in small incre-
ment of fuel).

By removing second-order differentials, equation (4) can
be expanded and simplified:

—X'AV,=KV,/+ 110X (5)

But —AV,=AT, and V7' =T —T7; therefore,

AX AV, (6
.Y’ Tv'/(z_l)_'_""' o )

By integration from any concentration X and volume V; to
X' and VY,

1

. V{(K—1)+ VT
Y= | =] ®

TABLE VI-5.—STORAGE-SYSTEM INVESTIGATION

Sample teken * May 27 June? | June 19 | July 3 1‘1'513‘3
Fuel in tank before re- 8105 8105 6105 2105 0
moval of batch, gal.
In tank before re- 186, 895 16, 885 18, 896 22,895 3, 808
moval of batch, gal. ) .
Fuel removed, gal._..... (fuel placed in 2000 1000 1000 1105
sé: 3180 8ys- -
Xylidines, grams/100 ml 1.05 (v) 0.94 0.825 0.8158
electrometrically) 8- 30 . 826} .88 .82
. 826 }....-.--. Q]
. Mean 1.0 foenenneo .82
Equilibrium coneentra- [..cooacaaccace-- 40,800 | (.88 0.825 0. 806
tlon, X* (equation (2) )

= Analyals Indicated under each date is prior to removal from the storage tank of the quan.
tity of fuel indicated under that date
b S8ample was tnadvertently mixed with some xylidine-free fuel,
© The fue] stored over water gave a negligible decreass In knock rating whecn compared
w!th the original bhatch of fuel,
d Samp culatfon for run on June 7: Because the tank contained no fuel prior to the
addition of the 8105 gallons on May 27, V;=0, X=0, and Y=0; therefore, from equutlon (2)
(17) (1.01) (8108).
(17 (8105)-25,000-8106
=0.900 (equilibriim concentration atteined on atanding).
« 8ample caloulation for run on June 19: In this case, Zm X and Y'=0, Equation (2) there.
fore becomes equation (3) and

, (16,895--(17) (8105)
- X= °'°°°((1s.895+(m it} ) =045
100
\// = AR —hdd
_______ fr==
5 / e '.-—_---/ =]
= L1 g
I3 %
801} -
é /
S / —
0 4
0
L
3ot/ -
k]
Q.
3 L/
E / ——Continuous equilibrium
S 40— -----=~ Eoch batch removed is I0 I
T 1 parcent of tank volume
4] ! —~-—Single batch removed
e i
o] ] "1
g‘ r
8 &0 | N Y S—
b
5 ¢
a 20 40 60 a0 100

Percentoge of tfonk containing gasoline

FIGTRE VI-6.—Additive concentration In gasoline stored over wuter for diatribution coefl-
clent of 20. (Fig. 1 of reference 11.)

In full-scale, overwater-storage tests of xylidine-blended
fuel, 8105 gallons of aviation fuel were stored in a tank of
25,000-gallon capacity and immediately sampled and ana-
lyzed. The stored fuel (containing xylidines) was sampled
and analyzed periodically, and part of the fuel was removed.
This process is a batch process; therefore, equation (2) is
applicable. This test provides an evaluation of the equation
for the particular conditions.

With the assumption of an average temperature of 65° F
for the tank contents and fuel displacement with fresh wafoer,
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a volume distribution coefficient of 17 was selected for
xylidines (reference 12). The results of the full-scale,
water-system test and the equilibrium concentration caleu-
lated from equation (2) are compared in table VI-5. The
celculated results agree well with the experimental data for
this particular test.

Normally anticipated additive concentration in fuel stored

over water is shown in:figure VI-6 for three different types of
tank operation. A volume distribution coefficient of 20 is
assumed, inasmuch as experimental values range from 13 to
26 for xylidines (reference 12). .

The topmost curve of figure VI-6 represents fuel displaced
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from a full tank in successive small increments over a period
of time sufficiently long for equilibrium to exist continudusly.
Equetion (7) applies for this case. The second curve illus-
trates the variation in conceniration to be expected if fuel is
displaced from & full tank in successive quantities with
equilibrium existing between withdrawals. Equation (2)
applies for this case. The lower curve illustrates the con-
centration to be expeeted if fuel is displaced from a full
tank in a single, fairly rapid operation with equilibrium
established only after the withdrawal; it also illustrates the
change in concentration resulting from the addition of a
batch of fuel to & tank containing additive-free water.

o )
100 (;17 - 100 KVE’
X WSeAV
X' Additive concentration in gasoline after addifion
or remaval of portion of fuel [@7" equilibrium
X  Additive concentration in gasofine bhefore addition or
removal of portion of fuel
V.. Volume of.wafer in tank affer addifian or removal of
artion of
K dosdine-water distribution’ coefficient @xperimentally
determined) .
V' Volume of tfuelin fank after addifion or removal of
portion of fuel
oo —— —— aa—— -L - —
R e e e S e B ——r )
N~ —=
E B = = N
§ %0 \< \ \ \\ . \\\ ‘\ \)o\% \
.é N N \‘ \ \. V
S AN <~ A §
£ N ' N
§ 80 \\ N \,
Q
: > e AN
. - AN Ne AN
D N
£
I N AN N A
3 \ N \ \
S AN \
3 AN y \
9 \ ’ \
5, N, N \
£ 3 NEAR!
< \ .
[y 3
: N\ Ny
g 50 & N \
g \ \ \
kS A, N
) A
995 10 20 30 50 . 60 70 &0 90 100

40
Gasaline disploced with water, percent

Figrre VI-7—Maxmum possible loss of additive from fuel stored over water. A value for distribution coeficient Is required for particular system, but plof is independent of original concentra
tion of additive, nature of fluids. or temperature. (Fig. 2 of reference 13.)
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Generally speaking, the loss of an additive, such as

xylidines, with a distribution coefficient of about 20 will not "

be severe. The greatest loss will occur when the tank
contains & ratio of xylidine-free water to fuel greater than
about 4:1 (reference 11).

It is emphasized that the equations presented in the fore-
going paragraphs apply only to the extent that the assump-
tions hold for & particular application. In practice, factors
such as temperature, varying gasoline-water interface area,
and frequency and quantity of additions or withdrawals will
influence the results.

As prewously stated, the. evaluatlon of loss of additive to
water in a Wat,er-dlsplacement fuel-storage system is de-
pendent on the distribution coefficient X for the particular
additive under consideration. Olson, Tischler, and Good-
man (reference 13), and Goodman and Howard (reference 14)
have determined distribution coefficients for 45 aromatic
amines.

The base gasoline used in determining the distribution
coefficients was an aromatic-extracted. grade 65 gasoline to
which was added 15 percent (by volume) of an aromatic-
hydrocarbon mixture consisting of five parts xvlene, two
parts cumene, and one part toluene. Blends of 1, 3, and
6 percent (by weight) aromatic amine in this base fuel were
examined. Earlier data on xylidines (reference 12) show
that temperature is the most significant variable affecting the
distribution coefficient; consequently, measurements were
made at 40° and 100° F. The distribution coefficients for
the amines are shown in table VI-6.

The effect of the distribution coefficient in loss of additive
to water in a water-displacement system is illustrated in
figure VI-7 (reference 13}. This figure was prepared by use
of the previously discussed equations (reference 11) and is
independent of the original additive concentration, the
nature of the two fAluids, or the temperature. Figure VI-7
shows the minimum possible additive concentration in the
fuel remaining in the tank after part of the fuel is displaced
from e full tank with amine-free water.. The greatest amine
loss will occur if the fuel is removed in a single batch; how-
ever, this seldom occurs in practice. A lower loss of additive
then indicated in figure VI-7 will result if removal of the
stored fuel is stepwise.

Methods of analysis for aromatic amines, —For a perlod
of about 2 years the NACA used spectrophotometric meas-
urements of the ultraviolet absorption of aromatic amines in
the analysis for presence of amines in gasoline and wadter.
This method of analysis has been reported in detail by

Tischler and Howard (references 15 and 16). The speetro-
photometric method is more accurate than titration methods
and has proved to be applicable to quantitative determina-
tion in hydrocarbon solutions of all monoaryl amines tested
in the NACA laboratories.
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TABLE VI-6.—DISTRIBUTION COEFFICIENTS OF AROMATIC AMINES » ~ - i

Temperature, ° F i .
Orfginal con- 0 100 o
Aromatic amine Fael (percent Concentration Distribution | Goncentratio Distributh RS
neentras on cen n istr on
by welght) in water at mggﬁ coefficient on. | in water at gﬁﬁ?ﬁﬁ coefficient on
equilibrium P volume equilfbrinm t basis vyolume
(percent by | elBBBDasis | pagiene | (percent by | TelEDf basis =4
weight) wt K weight) et Kt
Anfline e A e e amm———edmm e a———m— e 1 0.406 148 108 0.287 2.50 1.56
3 1.200 L& LI2 -850 2 57 L8l
6 2178 L84 135 1,557 2.64 207 .
N-Methylaniline ..o 1 0.0a 7 7 0.020 34 2 s
3 112 26 10 . 076 g o7 .
6 .195 30 = .14t 4 29 -
T e 1 0.014 70 51 0.009 110 7 -
3 . 69 51 .02 115 £0 )
& -074 &0 59 -050 120 &5 e
{-Propylaniline ..o ool 1 0. 003 300 220 0.002 500 350 i
3 . 008 330 240 .00 100 20 o
. 6 . 01¢ 320 230 -013 480 320 -
AT T S 1 0.002 500 370 0.001 1000 700 i
3 . 005 600 440 . 004 200 550
8 - 008 700 500 ~007 500 630 .
{ N-Isopropylaniline. e 1 0.018 a2 45 0.012 82 5 o
H 3 - 048 62 45 -03¢ &7 81
i 6 -099 60 a 08¢ o 85
N-fsrt-Butylaniline i 0.010 100 73 0.005 200 140 oo
3 -0% 120 88 .0g 210 150 _
6 -043 140 105 -028 260 10 N
N, N-Dimethylanfline. . ..o oo oo 1 0.003 200 220 0.003 300 210 T
Fl - 009 330 240 .003 370 260
6 -o17 350 260 L0114 430 300 e
N, N-Diethylaniline. . 1 0. 0005 2000 1500 0. 0003 3000 2000 )
3 .00L 3000 2000 - 0006 5000 4000 .
6 .0015 1000 3000 ~0003 £000 6000
o-Taluidine 1 0.150 5.68 416 0.09% 9.4 6.6 _
3 415 6.24 4.5 . 267 10.3 7.2
6 ~%05 7.62 558 L4150 e 8.2 .
m-Tolnidine 1 0154 5.5 408 0.104 8.6 5T
3 .410 6.37 466 282 0.7 6.8
6 71T T.47 547 . 506 L0 7
p-Tolnidine . __.. 1 0.195 412 3.02 0.123 7.3 51 =
3 .571 430 315 .36 7.6 54
S A [ R . 560 97 6.8
N-Methyl-p-toloidine. . -1 0. 020 49 38 0.013 76 54
3 . 055 54 40 .036 82 55 —
6 " 80 - u“ . 066 90 63
N-Methyl-o-woluidine 1 0.021 a7 3¢ 0.01 94 66 -
3 -085 66 a8 029 105 74 )
6 073 6 56 - 051 5 £0
N-Methyltolufdines (60 percent p-, 40 pereent 0-) ... 1 0.029 84 25 0.020 49 35 - ",
3 .07 40 29 . 051 5 4 )
6 . 6 34 -09r 65 46 -
N-Methyltoluidines (80 percent p-, 20 Pereent 6=} - o me e oo oooeeeeee 1 0.022 45 33 0.015 63 48 .
3 053 56 4 . 038 70 56
6 -0a1 85 48 . 061 % 65
N-Ethyl-p-toluidine, 1 0.00¢ 250 150 0.003 300 210
3 . Q10 800 299 . 370 260
6 -017 350 260 .016 400 2%0 ]
N-Isopropyl-p-tolnidine._ . 1 0.007 140 105 0.005 200 140 N
3 .20 150 110 014 210 -
6 035 170 125 270 1%0
o-Ethylaniline . 1 0.054 1% 13 0.032 30 2 .
3 L1468 20 15 .08 33 2 n
6 244 24 18 .152 30 27
p-Ethylaniline 1 0.067 14 10 0.040 2 17 -
3 JI7L 7 12 . 105 28 20 -
6 .28g8 20 15 IS0 ] 2
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TABLE VI-6.—DISTRIBUTION COEFFICIENTS OF AROMATIC AMINES—Continued

] S T i i Temperature, °F
Original con- 0 100
Aromatic amine centration in -
tuel (percent | concentration Distribution [ Concentration Distribution
by weight) in water at gﬁﬂ%‘gﬁ cefficlent on in water at géﬁm?g% coeficient on
T -- equilibrium welght basls volume equillbrium wolght basis volume
(percent by K b.e (percent by T basis «.d
welght) wi Kt welght) wt Kyt
N-Methylethylaniines. . ... o oooeoe e omccmenn i 1 0. 006 155 115 0005 . 200 110
- - . e - 3 017 180 130 N3 270 190
R B ‘6 .030 200 146 . 026 240 170
Hethyl-p-ethylanllme ......................................... 1 0. 006 160 116 0.003 300 210
8 015 200 | 145 010 300 210
i3 .028 2210 ) i55 .018 33¢ 230
| p-ert-Batylanlline ... e rmmm e memermnanmn - 1 0. 008 "120 B 0. 005 200 140
3 - . 021 - 140 105 . 014 0 150
[:] .085 70 125 0 220 155
o-l'sopropylanmne ........................... 1 0.021 47 34 0.010 100 70
- . T 3 . 053 . 58 41 . 030 100 70
[ .090 4] 48 . 053 - 118 80
P-Tsopropylaniline ..o oo oo e e aeee 1 0.021 s ar T 0.012 82 -
8 . 018 . B2 45 .033 90 83
6 i7ed i % .05 100 0
N-Methyl-p-Isopropylanitne ... ....c.oooooooooooeee e .. 1 0.003 0o 220 0,001 1000 700
3 . 006 % 370 . 800 550
8 -009 7t 500 008 200 550
2,4,6-Trimethylanflice. . .. .o.ooco.o. mmmmemmmmmemmmm e ————— 1 0.013 79 56 0. 007 140 100
3 . 036 82 60 021 140 100
[} . 065 2 w [i73 040 150 106
Cumldines (from synthetic cumene). - .ccoocueocoeo i looneomno .. 1- 0021 Y 34 0.013 7 54
8 058 ‘:g : 37 .37 8 50
6 .100 N 3 - 066 20 2]
N-Methyleumidnes. oo cccec e ccemncs e et meen e e ein] 1 0. 009 110 81 0. 003 300 210
3 .020 150 110 .010 300 210
-3 .035 170 126 019 320 20
FMethoxyanlline. .. oo ceeocee o cce e e e cmmm et ——————— 1 0.183 " 4,48 .28 0.120 6.8 48
8 .491 &.15 .77 . 350 7.0 5.4
8 846 _6.21 4. 54 . 682 8.0 61
. - +-
Xylidines (technieal) . oo ae oo cmmm e 1 0. 050 19 14 0. 033 2 20
3 .143 20 16 . 083 a5 25
. 8 .260 22 18 157 37 2
2,4-XyUAMe .o ol e 1 0. 083 18 13 0. 031 3 2
: : 3 142 20 15 . 089 32 2
a 87 -2 16 .170 3 24
2,5-XyHAIMNE ..o e mre e e ————— 1 0. 048 -2 15 0.020 3 =}
8 .132 ] 18 . 085 H 4
. 8 . 225 _28 19 .49 3 x
2,8-XyHAINe ... i ad e amm e e ———— 1 0. 088 - 15 11 0. 040 24 17
8 .178 = 16 12 109 v 19
8 . 280 .2 15 190 a 22
N-Methyl-2,4-XyUAMe .. an oo cm e ceo e ce e e maae 1 0. 110 81 0. 005 200 140
3 .018 186 120 .012 250 176
8 210 156 . 017 350 250
N-Methylxylldines ... ...... R = 1 0.010 100 73 0. 005 200 140
3 .02 _140 103 013 20 160
. ] .03 150 110 024 850 175
2,4-Diethylanflftie ... oooooooooooaoees 1 0.005 "0 145 003 300 710
3 4 [+ 155 . 008 370 260
6 . 170 . 014 430 300
2-Methyl-6-lsopropylaniline. .. oo iiicamcciaons 1 0.008 120 §8 0. 005 200 140
3 .028 130 95 014 210 150
a @7 160 115 26 0 160
Pseudocumidine (technical)........ 1 0.038 i 20 0. 022 45 32
3 .103 28 pil . 060 49 34
8 72 .84 25 .108 55 30

btandard water solutions of the following amines could not be prepered because of the very low water solubllity of the amine:
-‘\dethyl—p-ta‘t—butylanﬂ!ne
N % yl-p-fsopropy]s.n
\. N-Dimethyl-2-meth: 1-5-iso?sr.noﬂj\;nlanmne
N, N-Dimethyl)-2,4,6-trimeth:
Diphen ylamine
N-A ethyI-dlphenylamine

= Date from references 18 and 14.

b Dansity of gnsoline solution at 40° F, 0.732 gram/m.

* Values for Ry Were computed b multlggring corresponding X, values by density of gasoline solutfon.
€ Density of gasoline solution at 1 gram/m].

o



CHAPTER VI
TETRAETHYL LEADZAS A FUEL ADDITIVE

For years tetraethyl lead Pb(C;Hg). has beer considered
the most effective practical additive for suppressing knock in
conventional spark-ignition engines. In comparison with
the additive-type compounds discussed in chapter VI, tetra-
ethyl lead is considerably more effective. An investigation
reported by Calingaert (reference 1) indicates that the lnock-
suppressing tendency of tetraethyl lead is 118 times greater
than that of aniline.

On the basis of cost and antiknock effectiveness alone,
tetraethyl lead is far more desirable than any known blend-
ing agent, because so little is required in a fuel to equal the
antiknock effectiveness of a much larger volume of blending
agent. Deleterious effects may, however, occur in engines
when fuels containing high concentrations of tetraethyl lead
are used. These harmful effects have necessitated strict
regulations on the quantity that can be tolerated in fuels
for various types of service.

In general, fuels used In commercial aviation contain
smaller quantities of tetraethyl lead than those used in mili-
tery aircraft.
Navy aviation-fuel specifications permitted tetraethyl lead
in’ quantities less than 3.0 ml per gallon. This limit was
later raised to 4.0 ml per gellon; as critical shortages of more
desirable blending agents occurred, the limit was again
raised to 4.6 ml per gallon. Upon one occesion during the
war, continued shortages of fuel stocks and the need for
much higher performance fuels resulted in considerable ex-
perimentation with fuels containing 6.0 ml per gallon.

PROCESS OF LEAD-DEPOSIT ACCUMULATIONS ON
ATRCRAFT-ENGINE SPARK PLUGS

As noted in reference 2, one of the disadvantages of tetra-
ethyl lead as an antiknock agent for aireraft fuels is its
characteristic of depositing, either as metallic lead or as 2
compound, on combustion-chamber surfaces during engine
operation. Such deposits on spark plugs cause ignition
failures both by bridging the electrode gaps and by forming
conducting paths across the insulator surfaces and are sus-
pected of lowering preignition ratings of spark plugs (ch. IV)
and confributing to erosion of spark-plug electrodes. For
these reasons lead deposition on spark plugs constitutes a
flying hazard, increases time and cost of engine maintenance,
and limits the use of tetraethyl lead in fuels.

The investigation described in reference 2 illustrates the
characteristics of the progressive build-up of spark-plug
deposits. In order to determine the progressive accumula-
tion of deposit on spark plugs, each spark plug was weighed
periodically throughout & series of test runs in a CFR engine
at constant operating conditions. Additional runs were
made In & single cylinder of a full-scale liquid-cooled air-
craeft engine. Three different types of spark plug, desig-
nated A, B, and C, were used.

213637—53——8T

At the outbresk of World War IT, Army- -

Variation of deposition with time.—The results of a de-
posit test in the CFR engine for a type A spark plug are
shown in figure VII-1. The condition of large total deposit
was simulatedfwithout the necessity of excessive operating
periods by Increasing the tetraethyl lead content of the fuel
to 34 ml per gallon.

The accumulation of deposit increases with operating
time (fig. VII-1), but the rate of deposition decreases. After
completion of this test, an effort was made to operate the
engine with the coated spark plug, buf the test was unsuc-
cessful because of short circuiting.

Effect of power level on deposition.—Operating conditions

affect the accumulation of deposits on spark plugs, as illus-
trated in figure VII-2. Failure of the spark plug during
the low-power run occurred shortly after 14 hours of opera-
tion because of the formation of a small bead of lead deposit
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meVE—I,—Leaddcpositiunfor type A spark plug In CFR engine with AN-F-28fuel |,

leaded to 3 ml TEL per gallon. Compressfon ratio, 6.65; engine speed, 1800 rpm; imep,
82 pounds per square Inch; fuel-afr ratlo, 0.10; inlet-alr temperature, 85° F; coolant tem-
perature, 212° F; spark advance, £5° B. T.C. (Fig.1ofreference 2.)

on an electrode gap. A photograph of the spark plug in
this case is shown in figure VII-3.

Accumulation of deposit masses.—Spark-plug deposition

for a type B spark plug in the full-scale single-cylinder test
engine is shown in figure VII4 (reference 2). The spark

plug was located in the exhaust position and the engine was

operated under simulated cruise conditions. The fuel con-
tained 18 m! TEL per gallon. During this test the condi-
tion of the plug was photographically recorded at various
time intervals (fig. VII-5). As shown in these photographs,
the deposit existed during operation in the form of molten
globules, which changed position. The changes in position

are attributed to the influence of gramta,‘a.on and molecular

forces and forces arising from gas flow in the combustion

chamber (reference 2). The concentration of deposit near

the lowest point of the spark-plug cavity became more pro-

nounced as the deposit increased. . el
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Fi6ure VII-8.—Eflect of power level on lead deposition for type C spark plug in OFR engine
with AN-F-28 fuel leaded to 4.6 ml TEL per gallon. Compression ratio, 6.65; fuel-air

ratio, 0.10; Inlet-sir temperature, 80° F; coolant temperature, 212° F; spark advance, 45°
B.T.C. (Plg. 2 of reference 2.) .

FicURE VII-3.—Type C spark plug with lead In left gap. TFallure of plug occurred affer 14
hours operation at low power in CFR engine. (Fig. 3 of reference 2.)

As pointed out in reference 2, observation of deposits on
many spark plugs indicates that these deposits may vary
considerably in characteristics and appearance under dif-
ferent conditions. Consequently, no particular deposit can
be considered typical. Deposits similar to those in figure
VII-5 have been observed on badly fouled spark plugs from
service engines. : . L

Deposit losses.—From the data discussed in the foregoing

paragraphs, it was concluded (reference 2) that the manner

in which the rate of deposition varies (figs. VII-1, VII-2,
and VII—4) suggests that the met rate is the result of deposi-
tion (possibly at constant rate) and loss of deposit at & rate
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TFIGTRE VII-4,—Lead deposition for type B spark plaug In exhaust position of llquid-cocied
afrcraft eylinder with AN-F-28 fuel leaded to 18 ml TEL por gaflon. Engine speed, 3000
rpm; inlet-akr pressure, 30 Inches of mercary absolute; fucl-alr ratlo, 0.10; inlet-alr temper-
ature, 85° F; coolant temperature, 350° F. (Fig. 4 of reference 2.)
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FIGURE VII-6.—Accumulstfon of lead deposits en type B spark plug In exhaust positlon of
liquid-cooled aircraft cylinder. (Fig. 5 of reference 2.)

that increases as the total deposit increases. In order to
test this conclusion, a spark plug was operated in the CFR
engine on S reference fuel containing 6 ml TEL per gallon.
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After 7¥ hours of operation, the deposit weight was found to
be 159 milligrams. The spark plug was then replaced with-
out cleaning and operated for 1 hour under the same condi-
tions but with unleaded S reference fuel. At the end of 1
hour the deposit weight had decreased to 112 milligrams, a
decrease of 30 percent. A similar test on another spark
plug resulted in a 35-percent weight loss.

Significance of deposit weights.—A spark plug may fail
electrically when a deposit of sufficient electric conductance
to prevent sparking is formed between the spark-plug shell, or
a ground electrode, and the center electrode. A very small
quantity of deposit may cause failure if the deposit directly
bridges the electrode gep. (See fig. VII-3.) There is
evidence, however, that gap bridging is not the most com-
mon type of failure of spark plugs incorporating large nickel
or tungsten electrodes. In the more usual case of failure
by conduction along deposits on the insulator, relatively
large quantities of deposit are necessary before short cir-
cuiting occurs. The amount, distribution, and condue-
tivity of the deposit determine the path of short eircuiting.
From the photographic evidence in figure VII-5 it was
concluded (reference 2) that, aside from certain concen-
trating influences such as the force of gravity and large
temperature differences, the deposit distribution is primarily
a matter of chance. The amount of deposit and the chemical
or physical properties of the deposit can then be considered
as factors determining the probability of failure. The
actual failure, however, is dependent upon the distribution
of deposit.

ETHYLENE DIBROMIDE IN TETRAETHYL LEAD FLUID

One of the principal causes of exhaust-velve feilure in
reciprocating engines has been found to be corrosion and
collapse of the valve crown at excessively high operating
temperatures (reference 3). Analysis of deposits on exhaust
valves has shown conclusively that oIl the lead present in
the fuel has not been properly scavenged from the cylinder.
This fact supports the conclusion of Banks (reference 4)
and Hives and Smith (reference 5) that hot corrosion of
exhaust valves is a result of the action of lead oxide deposited
on the valve head during operation with leaded fuel.

In order to minimize the undesirable lead deposits, ethy-
lene dibromide is added to the tetraethyl lead before addition
to the fuel. The ethylene dibromide reacts with lead in the
crlinder during combustion to form volatile compounds
that may be easily scavenged with the exhaust gases. The
mixture of ethylene dibromide and tetraethyl lead (and small
quentities of dye and kerosene) prior to addition to the fuel
is called tetraethyl lead fluid. The fluid currently used in
aircraft fuels contains 0.96 gram of ethylene dibromide per
ml TEL. This quantity of ethylene dibromide is the amount
theoretically required to combine with all the lead in the
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mixture. Such a mixture of the dibromide and tetraethyl
lead is popularly known as a 1-T (one-theory) mix.

An investigation (reference 6) was condueted to determine
the influence of excess ethylene dibromide on the degree of
velve-crown corrosion occurring during engine operation.
The effects resulting from use of 1-T and 2-T mixes were
compared. Because the use of excess ethylene dibromide
could corceivably reduce the knock-limited performance of
the leaded fuel, studies of knock-limited performance were
included.

Effect on exbaust-valve corrosion.—Results of wvalve- .

corrosion tests in a full-scale air-cooled aireraft cylinder are
summarized in the following table (reference 6):

Fuel s Weight loss of valve
Length of run
TEL Afix () Total | Rate | Rate (percentage of
(ralfgal) (grams) |(gramjhr)} loss with I-T' mix)
4.5 1-T 22 5.18 0.235 100
2-T 1634 Ler 119 - 51
6.0 1T 18 8.17 0.178 100
2-T 18 .53 020 15

sAN-F-28 (28-R) was used as base fuel. 'This fuel contefned abont 4.53 ml TEL/gal.

For the tests in which the concentration of tetraethyl lead
was 4.53 ml per gallon, the exhaust-valve temperature was
held at approximately 1200°F. When the concentration was
increased to 6.0 ml per gallon, however, the combustion-air
inlet temperature was reduced to 95° F as compared with
150° F for the test with the fuel of lower tetraethyl lead
concentration. This change caused a lower exhaust-valve
temperature and probably accounts for the reduction in
amount of valve corrosion in the test of fuel with 6.0 ml
TEL per gallon.

Comparative photographs of the valves from the fests
just described are shown in figures VII-6 and VII-7.

Effect on lead deposition.—Because of corrosion of the
valve crown it was difficult to determine quantitatively the
effect of ethylene dibromide on deposits. (See reference 8.)
For this reason, the measurement of deposits was confined
to the piston crown end the spark plugs. In the test with
the fuel containing 4.53 ml TEL per gallon, the rate of lead
deposition on the piston crown with the 2-T mix was about
73 percent of the rate during the test with the 1-T mix.

The effect of ethylene dibromide on spark-plug deposits _

was also determined for fuel containing 6.0 ml TEL per
gallon; these results are shown in the following table:

Srrk e | Y | B
park plug €po!
(grem) (percent)
Fronb_ ... ______. 1-T 0.083 0
2-T .0 %5
Rear______________. 1-T 0.109 0
2-T N L 87
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(s} Vulve after 22 hours of operation with 1-T mix. (b} Valve after 1654 hours of operation with 2-T mix.
FiovRE VII-8.—Effcet of excess ethylene dibromide on exhaust valves in air-cooled aircraft cylinder with fuel leaded to £.53 ml TEL per gullon. (Fig.  of refevence 8.}

Effect on . knock-limited power.—When the ethylene Other tests were made to evaluate the effects of ethyleno
dibromide concentration was increased to the equivalent of | dibromide on knock-limited power in & CFR test engine
a 2-T mix, there was apparently no effect on the knock limit | operating at conditions specified for the A. 8. T. M. Super-
over the range of conditions investigated in the full-scale | charge method; the results are prosented in table VII-1.
air-cooled cylinder (fig. VII-8).. (See references 6 and 7.)

(n) Velve after 18 hours operation with I-T mix. ’ ’ (b} Vulve after 18 howss operation with 2T mix.
F16URE VII-7.—Effect of excess ethyleno dlbromide on exhaust valves In alr-cooled aircraft cylinder with fuel leaded to 6.0 ml TEL per gallon. (Fig. 2 of reference 6.}
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TABLE VII-1.—EFFECT OF ETHYLENE DIBROMIDE IN
LEADED AND UNLEADED S REFERENCE FUEL ON

ENOCEK-LIMITED POWER *
[Where two valuss are given In the table for the same determination, the second value was
obtained from a check rum.]
Leaded 8 referenes fuel
Relative power =
lang dibromide
reference fuel Fuel-alr ratio
+3 m! TEL (mi/gal} :
0. 052 0.070 0.0%0 0.116
267 (1-T) e eomemen 100 1.00 1.00 1.00
[ X (1 21 ) 0.98 .60 1.0L 1.00
Lo1
401 (1.5-T) oo 101 LOL 1.01 101
.89 : Lo .08 1.00
5.34 (2T camaaee e 0.92 0.81 - 0.94 a. g
Tnleaded S reference fuel
Relative powerb
Ethylgrlxﬁedibmmida
reference fuel Fuoelalr ratlo
(ml/gal) T
0.082 0.070 0.090 0.110
| .60 1.00 ; L.00 1.00
LY 0.98 0.0 |, 0.4 0.9%
.88 88
884 ’ 0.97 0.92 0.62 0.87
g4 .86
s Imep (846 ml TEL--test concentration of ethylene dibromide)
imep (846 ml TEL--2.67 ml ethylens dibromids (1-TT) ]
tmap (84test concenfration of ethylene dibromide)}
imep (8}
c- 240 T T
E_ . Fuel //E
5 220 Q /-7 mix =
9 o. 2-T mix Qé/
%,:200 g.
= /80
R
£ oL
£ 60 N
3 N o
E 140 NN g
O
X 720
. 500
1 E-.. |; Ag
éé_g § . ool -
(o] ﬁb‘e
QAL
? 3 5 2001 Qo]
5§68 e8]
a3 .
< Q_E
3001
.04 05 .08 .07 .08 09 40

Fuel-air ratio

Fi6urE VII-8.—Eflect of excess ethylene dibromide on knock-limited performance in alr-
cooled alreraft cylinder. Engine speed, 2200 rpm; Infet-afr temperature, 250° F; spark
advance, 20° B. T. O. (Flg.8 ofreference 6.)

Incressing the ethylene dibromide concentration from 0 to
5.34 ml per gallon decreased the knock-limited power of the
leaded and unleaded S reference fuel about the same amount,
6 to 9 percent depending upon the fuel-air ratio.
the concentration of ethylene dibromide from 0 to 2.67 to
4.01 ml per gallon had no effect on the knock-limited per-
formance of the leaded fuel; however, a change of 0 to 2.67
ml per gallon decreased the knock-limited power of the un-
leaded fuel a maximum of about 6 percent.

LEAD SUSCEPTIBILITY
The lead susceptibility or lead response of a fuel is defined

as the increase in knock-limited performance of the fuel re-_

sulting from the addition of a given quantity of tetraethyl
lead. In 1943 the NACA conducted an analysis of existing
data on pure hydrocarbon fuels to determine the manner in
which the lead susceptibility is influenced by fuel type, engine
type, and engine operating conditions. This analysis (refer-

‘ences 8 and 9) was based on data obtained from the American
Petroleum Institute (API) Hydrocarbon Research Project.

DATA FROM SUPERCHARGED ENGINES

In cooperation with the API, the Ethyl Corporation in-
vestigated the lead susceptibility of meny pure compounds.
These data were determined in & small-scale engine having a
displacement of 17.6 cubic inches.

Paraffins.—Examination of the Ethyl Corp. date demon-
strated that the lead susceptibility could be represented as
a straight line by plotting the knock-limited indicated mean
effective pressures of the pure fuels against the knock-limited
indicated mean effective pressures of the leaded fuels (refer-
ence 8). By this method, data for pareffinic fuels were
plotted as shown in figure VII-9 (). It is obviousin this
figure that the fuel which has the highest permissible indi-
cated mean effective pressure in the pure state has the great-
est Iead response. The percentage increase in indicated
mean effective pressure for 1.0 ml TEL, however, is constant
regardless of the permissible indicated mean effective pres-
sure. Heron and Beatty (reference 10) found this fact to
be true for 6.0-ml additions of tetraethyl lead.

The susceptibility of isooctane to various quantities of
tetraethyl Iead is shown in figure VII-9 (b). Because it was

believed that the lead susceptibility of all paraffins might be

represented by a chart similar to figure VII-9 (b), a later in-
vestigation (reference 9) was made with blends of two paraf-

finic fuels (S and M reference fuels) contalmng up t0 8.0 ml _

TEL per gallon. This study was made in a supercharged
CFR. engine modified as described in reference 11.

Dats from reference 9 are plotted in figure VII-10. These
plots are based on results reported by Heron and Beatty

(reference 10) which indicate that for supercharged tests a =

linear relation exists between the reciprocal of the knock-
limited indicated mean effective pressures and blend compo-
sition. (Ses chapter VIII.)
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The lines of constant tetraethyl lead concentration in these
figures can be represented by the equation of an equilateral
hyperbola:

P(A—N)=B (1
where L ' ' -
P Lknock-limited indicated mean effective pressure
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N volume percentage of S reference fuel in M reference fuel
B slope S -

The asymptotes of the hyperbola represented by equation (1)
are zero and A. The constant A is independent of tetraethyl
lead concentration and fuel-air ratio and is equal to 145 (the
intersection of the curves with the abscissa).

In figures VII~11, the data from figure VII-10 have been .
converted to plots of the knock-limited indicated mean

effective pressure of the clear fuel against the knock-limited
indicated mean effective pressure of the leaded fuel. This
type of plot has an advantage over that of figure VII-10 in
that the lead susceptibility can be represented by a linear
elation without the use of a reciprocal scale.

A scale representing antiknock ratings in terms of octane

numbers and leaded isooctane has been added to figure
VII-1i. This scale corresponds to the ordinate values of
knock-limited indicated mean effective pressure; that is, a
90-octane fuel whether clear or leaded (fig. VII-11(a)) has
& knock-limited indicated mean effective pressure of 85
pounds per squere inch under the conditions presented.
With the addition of this scele, the chart may be used to

obtain either the knock-limited indicated mesn effective

pressure or the octane rating of & paraffinic fuel containing
various quantities of tetraethyl lead. Only the unleaded
fuel need be tested in order to estimate the lead response
for any concentration of tetraethyl lead.

The estimation of lead susceptibility according fo the
foregoing procedure is of value in the study of paraffinic fuels
in which the quantity of fuel available for festing is limited.
In such cases the rating of the clear fuel can be determined
by a standard rating method such as the A. S. T. M. Super-
charge rating method, and the rating of the test fuel plus
various amounts of tetraethyl lead can be approximated
from a chart previously established for the selected rating
method.

Cycloparaffins and olefins.—Insufficient data exist to
establish definitely the susceptibilifies of the cycloparaffins
(fig. VII-12 (a)) and olefins (fig. VII-12 (b)). When figures
VII-9, VII-12 (a), and VII-12 (b) are compared, the order
of lead response for the paraffins, cyclopa.ra.ﬂins and olefins
i8 found to be as follows:

Percentage increase Imep

Hydrocarbons (ml T EL/gal)

1.0 20 3.0 40 5.0 6.0

....................... 26 38 45 51 57 61

23
B 2

= Percentage Increase in imep for clefins was egtimated from diisobutylene.

DATA FROM NONSUPERCHARGED ENGINES

The relation between - critical compression ratio and
A.S.T. M. Motor method octane number can be represented
by the equation for & hyperbola. (See fig. VII-13.) The
curve in this figure was calculated from figure 1 of reference 12,

which shows the relation befween hejght of compression

chamber and A. S. T. M. Motor method octane number.
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The equation for the curve in figure VII-13 is

(R—3.3) (125—N))=125 (2)
where
R critical compression ratio
N, A.S.T. M. Motor method octane number

The asymptotes for the curve are critical compression ratio,
8.3 and A. S. T'. M. Motor method octane number, 125. As

8o feo 160 200 -
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Fioure VII-14,—Lead susceptibillty of varlous fuels based on A. 8. T. M. Motor ratings.

pointed out in reference 8, these asymptotes will vary with
engine operating conditions.

The curve just discussed is related to a linear method used
by Heron and Beatty (reference 10) to express lead suscepti-
bility (gain of octane number per ml TEL). The method
is illustrated in figure VII-14 (a) for data obtained by the
APIL. The relation between figures VII-13 and VII-14 (a)
may be shown by extending the lines in figure VII-14 (a)
until they intersect. This intersection occurs at an oclane
number of 125. If both scales of figure VII-14 (a) were con-
verted to critical compression ratios, the point of interseetion
of the curves would be at a compression ratio of 3.3. These
two points of intersection are the asymptotes of figure VII-13.
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By thé use of critical compression ratios, an analysis

‘similar to that used for supercharged test engine data has

been made (reference 8). As shown in figures Y1I-14 (b)
and VII-14 (c), the lead response of the paraffins may be
represented by single straight lines for 1.0 and 3.0 ml TEL,
respectively. The equation for these straight lines of con-
stant tetraethyl lead concentration is

Ry=KR—3.3 (K—1) (3)
where . o
R, critical compression ratio of leaded fuel

R critical compression ratio of pure fuel .
K slope of line of constant tetraethyl lead concentration

The cycloparaffins (figs. VII-14 (d} and VII-14 (e)) may
also be represented by single straight lines. The lead
susceptibility of the olefins (figs. VII-14 (f) and VII-14 (g))
is apparently affected by the position of the double bond and
therefore a single line cannot be used to represent the class
as a whole.

For each class of hydrocarbons a different value of A will
be obtained (equation (3)). The values of K determined
for the data presented in this analysis are as follows:

Slopes of Iead susceptibility
curves

Hydrocarbon
For 1.0 ml For 8.0 ml
L34 1.§7
1.24 1.41
¢ ———— .22 LB
Octene-1_._ . ~ 118 1.3
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Because K is the slope of the line of constant tetraethyl
lead concentration, it is necessary to. determine the lead
response of only one compound in & particular hydrocarbon
classification in order to estimate the lead response of other
compounds of the same type from their pure ratings. The
variation of K with tetraethyl lead concentration is shown
in figure VII-15. ' '

Unlike supercharged data in which the percentage increese
in power is constant for a given quantity of tetraethyl lead
regardless of the pure fuel rating, the percentage increase in
eritical compression ratio for a given quantity of tetraethyl
lead varies with the pure fuel ratings. This variation is
illustrated for the paraffins by the curves in figure VII-16.

EFFECTS OF ENGINE CONDITIONS ON LEAD
SUSCEPTIBILITY

Fuel-air ratio.—The effects of fuel-air ratio on lead suscep-
tibility are readily seen in figure VII-17. Curves from the
standard reference fuel framework for the A. S. T. M.
Supercharge rating engine were used in preparing this plot.
It is emphasized that the effects shown will vary considerably
from one engine or condition to another.

Inlet-air temperature.—The lead susceptibility from tests
at different inlet-air temperatures is. presented in figure
VII-18 at two different fuel-air ratios. For the range of
inlet-air temperatures examined, the lead susceptibility of S

reference fuel was constant; that is, the percentage increase -

of knock-limited indicaeted mean effective pressure caused
by the addition of a given amount of tetraethyl lead was
the same regardless of the inlet-air temperature.

Spark advance.—Tests made on S reference fuel clear and
with 2 ml TEL per gallon at spark advances of 20° and 35°

B. T. C. are shown in figure VII-19. These data indicate
that the lead suceptibility of S reference fuel is independent
of variations of spark advance.
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CHAPTER VHI
ANTIENOCK BLENDING CHARACTERISTICS OF FUELS

For many years it has been known that all hydrocarbons
do not exhibit the same antiknock blending characteristics.
Lovell and Campbell (reference 1) illustrated this fact, and
Smittenberg et al (reference 2) likewise clearly demonstrated
that the antiknock characteristics of fuel blends depend
upon the nature of the components in the blend.

An investigation was initiated in 1943 by Sanders (refer-
ence 3) to ascertain the possibility of developing a method
for predicting the knock limits of fuel blends under super-
charged ‘and ponsupercharged engine operating conditions.
In the original phases of this analysis, results of critical-
compression-ratio (nonsupercharged) rating methods rather
than results of supercharged methods were emphasized
because more complete data were available and the analysis
required was more detailed.

SYMBOLS

The following symbeols are used in this chapter:

AB constants characteristic of fuels
ab,c constants
F =M(BIR1_32R2) +-3sz
G =NI(.BI—'Bz)+ Bz=N1.Bl+ (l—Nl).Bg
H height of compression chamber, inches
k quantity of knock-producing agent generated per
unit mass
N msss fraction
P knock-limited indicated mean effective pressure
R compression ratio
W,X,Y  constants in hyperbolic blending relation
g blending constant
p density
Subsecripts:
a value of subscript 1 at asymptote
b blend
er crifical
d pertaining to knock agent produced under condi-
_ tions at which blend will knock
1 isooctane
m pertaining to knock-producing agent at condition
of incipient knock
t total
123,.... pertaining to components 1,2,3... in fuel blend

DERIVATIONS OF BLENDING EQUATIONS

The derivations developed in reference 3 require a clear
understanding of the principles of knock testing by super-
charged and nonsupercharged methods. In supercharged
engine tests, oIl conditions except inlet-air pressure and fuel-
air ratio are held constant. Fuel-air ratio may or may not
be constani depending upon the operating technique em-
ployed. Inlet-air pressure is increased until a predetermined

standard knock intensity is observed. The knock-limited

indicated meen effective pressure or the density of air in the

cylinder charge may be used as & measure of the knock limit
of the fuel being tested.

In nonsupercharged engine tests, all conditions except

compression ratio are held constant. The compression ratio
is increased until the stendard knock intensity is reached.
The compression ratio at this intensity is the measure of the
knock limit and is generelly termed critical compression
ratio. Changes of inlet-air pressure do not affect any of
the cyclic temperatures; however, an increase of compression
ratio increases the temperature at the end of compression,
the combustion temperature, and the end-gas temperature.
The primary difference between nonsupercharged and super-
charged engine methods thus lies in the fact that knock
limifs in nonsupercharged engines are measured at varying
end-gas temperafures, whereas in supercharged engines
knock limits are determined at the same end—gas temperature.
(See reference 4.)

In order to derive the desired blending equations, certain
assumptions were made in reference 3 regarding the mecha-
nism of knock:

(1) Knock results from the reaction of some intermediate
produets during combustion, and the nature of these products .

&8s well as the reaction between them is the same regardless '

of the fuel used. This assumption is introduced in order
that the knocking properties of fuels may be treated - as
additive properties.

(2) Knock occurs when the mass of knock-producing
agents per unit volume reaches a given value at any EIld-gas -

temperature.

(3) At any one end-gas temperature and for any one fuel
component, the mass per unit volume of the knock-producing
agent evolved by that component is directly proportional to

the mass of the component per unit volume; or, as stated in ~

reference 3, & unit mass of & particular component will gen- ~

erate a certain mass of knock-producing agent regardiess of
the other components in the blend.

(4) In order to consider the differences in knock limits of
the blend components, it is assumed that for any one end-gas
temperature, the mass per unit volume of the knock-
producing agents is a function of the molecular structure

 of the fuel.

(5) During combustion the temperature increase for all
fuels or blends under consideration is the same. On the

besis of this assumption it is possible to relate fuel knock

limits to engine compression density and temperature instead
of end-gas density and temperature. Many hydrocarbons

of interest fulfill this condition, but some classes of fuels,

such as alcohols and ethers, do not (reference 3).
The mitial step in the derivation of the desired equa.tmn is
justified by assumptions (1) and (2).
581
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P1+P2+P8+ (1)
where : =
Pm mass per unif, volume of knock-producmg

agent at condition of incipient knock
P, P2, P3, - . . mass per uhit volume of knock agent pro-

duced by each component under conditions

at which the blend will knock
It has been stated previously that the end-gas tempera-
tures are constant for supercharged-engine tests but vary
with the critical compression ratio of the fuel in nonsuper-

charged-engine tests; therefore, from assumptions (3) and (4) .

the following relations hold for supercharged tests:
P1=k 1 PzN 1
P2=k 3 P:N 2

Ps=k 3 PtN 3
where
Ny, No, N; mass fractions of components 1, 2, 3, respec-
tively, in fuel blend
total mass of fuel per unit volume
quantity of knock-producing agent generated
per unit mass by components 1, 2, 3, respec-
tively
When the pure compound 1 is tested, the knock-limited
density of fuel in the charge is p,; and

P
kl, kg, ka

pm=p1=k1p:, | (2)
Therefore, 5 : S e .
h=Pn
P
and
pl_"e'—m_ p:V
P
Similarly,
Pz='£5- 0eN2
P2

and
P3=—p"£ F:Ns
Pers
Substituting these values of pl, bas pis - -
yields co s
PzN +—P1Ns+

. in equation (1)

Pm P.z, P:N1|

and
l=&+i‘7—’+&+ e (8)
Pt Pr1 Pz Pi3
As limited by the assumptions, equation (3) is a blending
equation applicable to supercharged-engine data. Because
the compression ratio and fuel-air ratio must be the same for
the various components in a given application of this equa-
tion, knock-limited inlet-air densities may be used instead of
the fuel densities for values of p; pr1, pr2, £1s - . . With
this substitution, equation (8) may be expressed in words as
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follows: The reciprocal of the knock-limited inlet-air density
of a fuel blend tested by a supercharged-engine method is the
weighted average of the reciprocals of the knock-limited
inlet-air densities of the pure components.

Indicated mean effective pressure is proportional to inlet-
air density; therefore, it can be substituted in equation (3)
for density:

3b)

et B
where
P, knock-limited indicated mean effective pressure
of fuel blend
P, P;, Py knock-limited indicated mean cffectlive pressures

of camponents 1, 2, 3, respectively, when tested
individually
For nonsupercharged tests, the charge density at the end
of compression is proportional to the compression ratio.
By use of an equation similar to equation (2), p, was related
to the compression ratio instead of the mass of fuel per unit
volume (reference 3). The value of &y, however, varies with
compression ratio because the compression temperature
varies with compression ratio. In order to account for the
variation of ki, the following relation was assumed (reference 3)
between p, and compression ratio R:

: n=(4+BR)N, 4) o
where
A, B; ¢onstants characteristic of fuel 1
Similarly, _
= (Arl"BzR )ivz
and
h= (Aa‘l'BsR)N
where __
A,, By, A3, B; constants characterlstlc of f unls and 3

Substituting these values in equation (1) gives
pn=N: (A +BR)+N; (Aa+BoR)+ Ny (A BsR)+ ... ()

The value of A4, may be determined by letting Ny=1, V=0,
N;=0, and R=R, ., where Ry, is the critical compression
ratio of fuel 1 when tested individually.

Pm=A1 +-B1R1.cr

A1=Pm—BxR| «or
Likewise,

A2=Pm—-BzR3.cr
and

A3=Pm'—BsR3,cr

Substituting in equation (5} gives

NlBlRl cr+N2-BJR2 cr+N3B3R3, cr':l' LI (6)
N\B,+N,B;+ NyBy+- .

R=

As limited by the assumptions, equation (6) is the blending
equation applicable to nonsupercharged-engine data.
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In this equation B;, B,, By . . . are defined as blending
constants and each fuel has a blending constant that is inde-
pendent of the other fuels in the blend and is determined by
the critical compression ratio of the fuel and the rate of
change of knock limit with inlet-air temperature,

For two-component blends, No=1—N; and equation (6)
may be written as

M(B}.Rl, cr—Bsz, cr) '[_BSRZ, cr
‘ Ny(B,—B,) +B,

R= (7)

Equation (7) is the eqﬁation of an equilateral hyperbola
asymptotic to

B,
B,—B, '+t

N=

and
B,R,—B,R,

E=—p5—%

=R,

where
Nz value of V; at asymptote
R, value of R at asymptote
The asymptotic form of equation (7) is
(B—R.)(No— N1)=Ny(B,—R,) (8)
According to reference 3, it is unnecessary to know the
absolute values of the constants in equations (6) and (7), but
the relative values must be known; that is, one component
may be assigned an arbitrary value of the constant, thereby
fixing the values of the constants for all other components
tested at the same conditions. Values of B for other com-
ponents may be found by determining the eritical compres-
sion ratio of the pure component and of one blend of the
component with another component for which the blending
constant is known. With these values the equation can be
solved for the value of the unknown blending constant. When
the relative values of B have been determined for all com-
pounds, the knock Iimits of all blends may be computed from
the blending equation.

GRAPHICAL SOLUTION OF BLENDING EQUATION FOR
NONSUPERCHARGED-ENGINE DATA

A graphical method was suggested in reference 3 for deter-
mination of the blending characteristics of fuels when tested
in nonsupercharged engines. Equation (7) may be put into
the following form:

F=R@ 9

where
F=AT1(BIR1'—B2R2) ‘["-Bst
and .
G=N1(B1—'Bz) +B2=NIB1+ (1 _‘NL)Bz

If Risheld constant, Fis proportional to & Infigure VIII-I,
the value of F has been plotied against the value of & for
values of R between 2 and 15. Inasmuch as @ is actually
the weighted average value of B; and B,, the abscissa of

10

Critical

ckam,c-afl':ess;'an Ve f o/ | A o)
4 /

rafio,

&)

O

Constant, F'=R,n,B

H

I
c 2 4 No) 8 47 2
Blending constant B or &

FIGUBE VIII-1.—Blending chart for A. S. T. M. Motor method. (Fig. 1 of reference 8.}

figure VIII-1 hes been marked & or B. All potential fuel
components whose critical compression ratios and blendmg
constants are known may be plotted on this chart.

A straight line joining the points for any two components
represents all blends of the two components. This relation is
true because F and @ are linear functions of NV, and, conse-

quently, F is a linear function of @ A point representing -

any blend of the two components divides the line in the same
retio as that in which the components exist in the blend. For

example, & blend containing 60 percent 2,2,4-trimethylpen- ~
tane (isooctane) and 40 percent n-heptane W]]l be on the line.
joining the points for the two components and will be 60 per- -

cent of the distance from. n-heptane to 2,2,4-trimethylpentane.
EXPERIMENTAL VERIFICATION OF BLENDING EQUATIONS

Heron and Beetty (reference 5) have shown that if the

reciprocal of the knock-limited indicated mean effective pres-

sures of blends of isooctane and n-heptane is plotted against
the percentage of isooctane in the blends, a straight line will
result. This fact substantiates equation (3) for supercharged—
engine data. The data obtained in reference 5 are shown i in

figure VIII-2 (a).
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(a) 17.6 engine. Compression ratlo, 5.6; engine speed, 900 rpm; Inlef-alr tem;')ei'ature, 225° F;
coolant temperature, 300° ¥'; spark advance, 20° B. T. C. (Fig. 2 of reference 3.}

Fiaure VIII-2.—Effect of blend composition or knock-limited performance.

Further verification of this relation is presented in figure
VIII-2 (b), which shows date for S and M reference fuel
blends investigated in reference 3.

Data obtained in references 2 and 6 were used in refer-
ence 3 for verification of the blending equation developed for
nonsupercharged engine tests. The blending equation for

n-heptane and iscoctane under A. S. T. M. Motor method

conditions is shown in reference 2 to be

1.369—HN .
Tosi—m)1"? (10)

where

N, isooctane in blend, percent
H height of compressmn chamber, inches

The value of NV, is given on a volumetric basis in reference 2
but, since the densities of the two components are about the
same, N may be used as the mass fraction. The length of the
engine stroke was 4.5 inches; therefore, the relation between
R and H can be'expressed as follows:

_45+H
R=22r5 - 11

Combining equations (10} and (11) gives
(R—38.3)(125—N,)=125 (12)

The equilateral hyperbola represented by equation (12) is
asymptotic to R=3.3 and N;=125. The relation between
R and N. is shown in figure VIII-3(a). Inasmuch as the

20 - e— s

, Fuel/-gir ralie
/6 ™ o Q0804
L o f05

N
'
I
!
I

sq in per Ib

Q

1000
imep
\

A

——gO &0 80 100
S in M reference fuel, percent

(b) OFR engine. Coropression ratlo, 7.0; engine speed, 2000 rpm; inlet-air temperature,
250° F'; eoolant temperature, 250° F; spark advance, 35° B. T. O. (Fig. 3 of referenco 3.)

FieurEe VIII-2—Concluded. Effect of blend composition on knock-lUimited perlormance.
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(a) A. 8. T. M. Motor method. (Fig. 4 of reference 3.}
F1GURE VII-3—Blending characteristics of 2,2,4-trimethylpentane and n-heptane,
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(b) A. 8. T. M. Mofor method; reciprocal plot. (Fig. 5 of reference 8.)

Ficure VIII-3.—Continued. Blending characteristies of 2,2 4-irimethylpenfans and
n-heptane,
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(¢) A.8.T.M.Research method; reciprocal plot. (Flg. 6 of reference 3.)

Ficrre VIII-3.—Concluded. Blanding characteristics of 2,2, 4-&rimethylpentane and
n-heptane.

100 12g

components of this system are n-heptane and isooctane, NV
is equivalent to octane number. (See ch. IIT.) The curve
in figure VIII-3(a) is drawn from equation (12), whereas
the data points shown are taken directly from reference 2.
The data from figure VITT-3(a) were replotted (reference 3)

___585

18-

| Fuer brtends 1 ] X
¢ n-Heprane ond 235
— - 83-dimerhylbutane
a m-Penfane and n-actane a0 Y
& n-Hepfane ond hexadiene-24 6.7 /
L.8— v 224~ Irimethylpentone and 53
..cyc/ohexane /
¢ n-Heofane ond cyclohexane 238 A
£,
v
- - 7
12 _ //
/)
1.0
. HI;F
&’ / |
8 /| : 1
A - — 1.4
/ //J | >
6 y —
L1 i -1 —
/
¢ 740\ // “ Lo
d = \\‘ ,
s ™
2 o J \\
o 20 40 60 80 1002
Percenf:by volfume

FIGURE VIII-4—Verifleation of hyperbolie blending relation for Enock ratings of fusl
blends by A. 8. T. M. Motor method. (Fig. 7 of reference 3.} Equatfon of hyperbola:
(R-X){(Y-N)=T¥.

as shown in figure VIII-3(b) as confirmation of the hyper-
bolic blending relation.

Similar data for the A. S. T. M. Research method were
reported by Brooks (reference 6) and are plotted in figure
VIII-8 (¢). Here again the relation is linear, but the inter-
cepts are 120 and 1.58 as compared with 125 and 1.0 for the

equation for the A. S. T. M. Research method data is

(R—4.2)(120—N)=78.3 (13)

From the foregoing comparison of the A. S. T. M. Motor
and Research methods, it was concluded (reference 3) that
the asymptotes of the blending hyperbola change with chang-
ing engine conditions. . _

Blending relations for other two-component blending

systems are shown in figure VIII-4. The data for these
systems were taken from reference 2. Three two-component
systems investigated in reference 2 did not follow the hyper-
bolic relation. These systems are shown in figure VIII-5.

© A. 8. T. M. Motor method shown in figure VITI-3 (b). The
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F1aURE VIII-5.~~Blending characteriaties of dilsobutylene, benzéne, and toluene in n-heptane
by A. 8. T. M. Motor method. (Fig. 6 of reference 8.)
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F1aURE VIII-6.—View of combustion chamber showing location of thermocouple in end

rone. (Fig.1ofreference8.)
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In copnection with the system of blends of n-heptanc and
benzene (fig. VIII-5}, it was found that up to & concentration
of 90 percent benzene a hyperbolic relation is valid, but
the value for pure benzene does not follow the relation (refer-
ence 3). In explanation of this discrepancy it should be
noted that the authors of reference 2 expressed the belief that
the knock rating of pure benzene might be in error.

_In order to illustrate the invariance of the Dblending
constant, & series of calculations was made involving several
hydrocarbons (reference 3). The constants evolved in these
caleulations have been plotted on figure VIII-1. Values for
cyclopentane and n-propylbenzene were computed from data
reported in reference 7.

APPLICABILITY OF EQUATIONS TO DIFFERENT BLENDING AGENTS
AND ADDITIVES

The preliminary data used in support of the derivation
developed in the foregoing pages were admittedly meager;
consequently, an extensive investigation was initiated to

_determine the general applicability of the blending equation.
In the course of this investigation a number of fuels of various =

types were studied under different engine operating condi-
tiong in supercharged engines. The results of this investiga-
tion are reported in the succeeding paragraphs.

Paraffins.—The base fuels used in this phase of the study
were an alkylate blending agent and a virgin base gasoline.
The blending agents examined were:

Triptane (2,2,3-trimethylbutane)
Isopentane (2-methylbutane)
"Diisopropyl (2,3-dimethylbutane)
Nechexane (2,2-dimethylbutane)
Hot-acid octane

All blending agents and base stocks contained 4.0 ml TEL
per gallon. Inspection data for these fuels are included in
appendix A, table A-9. (See references 8 and 9.)

The experimental studies of these fuels were made in a
single air-cooled aircraft cylinder mounted on a CUE crank-
case. This apparatus is described in detajl in reference 9
with the exception of a special thermocouple embedded in
the cylinder head about ¥s inch from the combustion-
chamber wall at a position estimated to be very near the
exhaust end zone (fig. VIII-6). The temperature at this
thermocouple was held constant by means of an automatic.
potentiometer regulator that controlled cooling-air flow
across the cylinder. This insirumentation is consistent with
the assumption made in reference 3 that for the blending
equation to be applicable to supercharged engine data the
cyclic and end-gas temperatures must be held constant.

In figure VIII-7, a portion of the data delermined in the
investigation of reference § is shown, The ordinate scales
of these figures are inverted reciprocal scales.  When plotted
in this manner, the data should fall on a straight line if the
results are applicable to equation (3b). It is apparent in
these figures that the paraffinic fuels examined, with the
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FIGURE VIIE-7.—Blending characteristics of paraffins In virgin base stock leaded to 4 ml
TEL per gallon fn fullscale air-cooled aireraft cylinder. Compressfon ratfo, 7.7; engina
speed, 2000 rpm; spark advance, 20° B. T. O.; inlet mixture temperature, 350° F; exhamst
back pressure, atmospherie. (Data taken from reference 8.)

exception of neohexane at the lean fuel-air ratio, are in accord
with the blending equation for supercharged-engine data.
These data were obtained at a spark advance of 20° B.T.C,,
& condition considered to be relatively mild; consequently,
additionsl tests were made at a more severe condition (spark
advance, 30° B. T. C.). The results of these advanced spark
studies are essentially the same as those shown in figure
VIII-7; that is, the relation between the reciprocal indicated
mean effective pressure and composition was linear. In this
case, however, data for neohexane followed the relation at
both lean and rich mixtures. (See reference 8.)
Aromstics.—FExperimental verification of the blending
relation for aromatic fuels proved to be difficult inasmuch as
pure aromastics have exceptionally high knock limits and are
prone to preignite. (See reference 10.) Despite these ob-
stacles, however, a reasonable quantity of data was obtained
to determine the limitations of this class of compounds. Im
pursuing this phase of the investigation, no effort was made to
attain the knock limit of the pure aromatics. Instead, each
aromatic was blended with a paraffinic base stock and the
concentration was incressed until the power level was con-
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FicurE VII-8—Blending characteristices of various fuels leaded te ¢ mi TEL per gullon i

full-scale air-cooled aircraft cyilnder. Compression ratio, 7.3; engine speed, 2250 rpm;
spark advance, 20° B. T. C.; inlet mivture temperature, 240° F; end-zone temperature,
400° F; exhaust back pressure, 15 inches of mercury absolute; fuel-alr ratio, 0.10. (Data
taken from reference 10.}

sidered foo high to wearrant further increases.
these tests are shown in figure VIII-8 (a).
that the relation between composition and reciprocal indi-
cated mean effective pressure is nonlinear.

Results oL
Here it is seen
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FiqURE VIII-9.—Blending cheracteristica of henzene, virgin base stock, and aviation alkylate
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by volume; compression ratio, 7.7; engine speed, 2000 rpm; sperk advance, 20° B, T. C.;
inlet mixture temperdturs, 240° F; end-zone temperature, 360° F.  (Fig. 8 (b) of reference 11.)

A modification of equation (3b) is proposed in reference 9 in
order to account for fuel components that do not follow the
linear blending relations. :

P1N1B1+P2N332+P8NSB3+

= N.BY¥N.BFN.B+ . (14)
Another form of equation (14) is (reference 9)
Nlﬁl-l-NBﬁZI_{;;Nﬂﬂa—[—- N MB]+N235 LN3863+ L. (15)
B, B, Bs, . . . blending constants related to constants B,
B,, B;, . . . by the following equations:
!31=P zB1
52=P 2B=
53=P sBs

Both equations (14) and (15) are equal to equation (3b) when
B1=B;=8s or P.B,=P,B;=P;B;.

Performance data for aromatic fuels were employed
(reference 10) to determine the validity of equation (15).
From the analysis it was concluded that the equation does
not apply over the entire range of composition; that is, the
blending constant 8 for a given aromatic varies somewhat.

From a practical point of view, however, marketed aviation
fuels seldom contain concentrations of aromatics in excess of
25 percent (generally much less), and for a limited range of
concentration it is believed that equation (15) may be useful.
Evidence to support this belief is shown in figure VIII-9.

It is seen in this figure that the blending relations are
linear for & 25-percexit concéntration of benzene in blends of
alkylate and virgin-base stock. Similar results were ob-
tained with toluene, mixed xylenes, and cumene (reference
11). On the basis of figure V-6 (c) described in chapter V
it is doubtful if the relations would be linear for concentra-
tions much greater than 25 percent.

Cycloparaffins,—The results of tests with cycloparaffinic
fuels are shown in figure VIII-8 (b). As in the case of the

aromatic fuels, the cycloparaffinic fuels examined failed to fol-
low the blending relation in the form of either equation (3b)
or equation (15).

One result of unusual interest was found in the cyclo-
peraffinic investigation of reference 10. (See fig. VIII-S (c).)
In this figure it is seen that methyleyclopentane, when
blended with alkylate, produced intermediate blends having
higher knock limits than either of the pure components.
This was also true for other cycloparaffins in blends with
different base stocks. (See reference 10.)

Special additives.—The influence of special additives (for
example, tetraethyl lead and xylidines) on the applicability
of the blending equation is discussed in reference 9. In
brief, the effect of such additives is essentially the same as
the effect of low concentrations of aromatics mentioned in
connection with figure VIII-9. That is, the blending equa--
tion applies so long as the concentration of such additives
in the major blend components is constant.

. PREPARATION OF BLEKDING CHARTS

In the preceding sections of this chapter, a blending
equation has been described and its limits of applicability
have been shown by experimental data. The remainder of
this chapter is devoted to an analysis that will illustrato the
practical use of this equation. Specifically, the purpose of
this enalysis is to illustrate the preparation of performance
charts from which blends of any desired lean and rich anti-
knock ratings can be selected. These charts are based
entirely upon the A. S. T. M. Aviation (Jean) and A. S. T. M.
Supercharge (rich) knock rating methods. Experimental
data upon which the charts are based may be found in
appendix A, table A—10. (See reference 12.)

Performance numbers.—The scale of performance num-
bers for fuel knock rating terminates at 161. (Sce ch. IIL)
It was therefore necessary to extrapolato the scale in order
to evaluate blends that would have antiknock ratings in

excess of 161 by the A. S. T. M. Supercharge method. This

extrapolation was made by plotting the performance num-
bers against knock-limited indicated mean effective pressures
from a reference-fuel framework given in referenee 13.. The
rating scale thus developed is shown in figure VI1II- 10
Although a definite breek in this curve occurs at & perform-
ance number of 130, the curve appears to be linear between
130 and 160. On the assumption that this linear relation is
true, a straight line was drawn through the points at 130
and 161 and extended to a performance number of 200.

Ternary blends.—As an example of the preparation of a
performance chart, consider first that it is desired to know
the A. S. T. M. Aviation and the A. S. T. M. Supercharge
performance numbers of all possible ternary blends of hot-
acid octane, an aviation alkylate, and a virgin base stock.
A plot of composition against the reciproeal of the knock-
limited indicated mean effective pressure for binary blends
of any two of these fuels will result in a straight line. The
three binary combinations of these materials are shown in
figure VIII-11,



NACA INVESTIGATION OF FUEL PERFORMANCE IN PISTON-TYPE EXNGINES

In the next operation, lines of constant performance num-
ber are drawn on the plot (shown as dashed lines on fig.
VIII-11). These lines are established by reading values of
indicated mean effective pressure at equal increments of
performance number in figure VIII-10. The data as shown
in figure VIII-11 comprise the basic information needed to
establish A. S. T. M. Supercharge rating lines on the final
chert for multicomponent blends.

For convenience in relating composition and knock-
limited performance of ternary fuel blends, all performance
charts in this investigation were prepared on triangular
coordinate paper. The equation of a straight line on tri-
angular coordinate paper is of the form

a=bN+cN,+N;
where

constants
concentration of components 1, 2, and 3 in
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FI1GURE VIII-16.—Relation hetween performance number and knack-limited indicated mean
effective pressure by A. 8. T. M. Supercharge method. Fuel-afr ratio, 0.11. (Fig. 1 of
reference 12.)

ternary blend. Any equetion relating knock-limited per-
formance and blend composition that ean be reduced to this
form can be represented by a straight line of constant per-
formance on triangular coordinate paper.
can be reduced to this form by multiplying through by any
one of the performance values Py, P, or P;.

Equation (3b) -
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The performance chart for the system of hot-acid oct-&ne,-
aviation alkylate, and virgin base stock is shown in figure

VIII-12 (a). Lines of constant performance number in this
figure were determined by mnoting the intersections of the
constant performance lines (fig. VIII-11) with the blendmg
lines.
figure VIII-11 intersecis the blending line of hot-acid octane
and aviation alkylate at a composition of 32 percent hot-acid
octane and 68 percent alkylate and intersects the blending

For example, the 150-performance-number line in__

line of hot-geid octane and virgin base stock at a composition

——F—T—FBends |—F
o ‘Avia Hion a/ky/afe and virgin base
O Ho7-acid octane and virgin base
[~ ¢ Haof-aeid octane and aviation alicylate —
3201 Hof-acid octane
I00F== S SR SRS z=cbee s L2790
280F= e s s i
. 26'0 hbbdind sttt el b bl ""':' it s s dhudiadead f?g %
B T e Sell Tttt - - R 1609
o - Z -
K =z . Sy
{220 ) o
i s s 7 5 T S 7
8 o —JAviation leylate = §
E/ga == /308
o 180 S A R N O i S IZO.E
g0 = S 1oy
= 7
5 50 v 1=
"""'7/' "7 """ hninitds Satriarter ke ittt Tt '----IOO
& 150 /// -
40 Virgin hase
805 — =20 7 &0 a0 TG0

Compasition, percent by volume

FIGURE VII-11.—A. 8. T. M Supercharge blending characterizties of hot-acid octans,

aviation alkylate, and virgin base stock leaded to 4 ml TEL per gallon. Fuelair ratlo, ~

GI11. (Fig.2 of reference 12.)

" of 67 percent hot-acid octane and 33 percent virgin base

stock. These two compositions were plotted on figure VIII-
12 (a) and joined by a straight line. Any point on this line
represents & blend of hot-acid octene, alkylate, and virgin
base stock that will give a performance number of 150 in the
A. S. T. M. Supercharge engine at a fuel-air ratio of 0.11.
All other lines in figure YIII-12 (a) were established in the
same manner.

The lines in figure VIII-12 (a) are parallel, whieh is true N

when curves of the type shown in figure VIII-11 are linear.

On the basis of data presented earlier in this chapter it .

appears that most paraffinic fuels do blend linearly. Even

though certain constituents, such as the aromatics or ethers,
do not blend linearly in combination with paraffinic base
fuels, the procedure just outlined for the preparation of
performance-number charts is not altered. In such cases.
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F16URE VIII-12.—Blending charts for hot-acid octane, aviation aJkylate, and virgin base stock,
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FIGURE VIII-12—Continved. Blending charts for hof-zedd octane, aviation alkylate, and virgin base stock.
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FIGURE VIII-13. A.S.T. M. Avistion blending characteristics of hot-acld octene, aviatfon
alkylate, and virgin base stock leaded to 4 ml TEL pergellon. (Fig. 4 of reference 12.)

however, the charts prepared are subject to some error that
arises from the assumption that curves of constant perform-
ance number on triangular coordinate paper are linear.
Moreover, a nonlinear relation in a plot of the type shown in
figure VIII-11 results in a variation of slope with performance
number on the final triangular plot.

Avistlon methods. (Fig. & of reference 12.)

The procedure used for determining the lines of constant
A. 8. T. M. Aviation performance numbers for blends of the .

same fuels used in preparing figure VIII-12 (a) differs from

that used for A. S. T. M. performance in that performance
numbers are plotted directly against composition on linear

coordinate paper and an estimated “best’” curve is drawn

through the data points to determine the binary blending
relations shown in figure VIIT-13. There is nothing to
justify the use of this empirical method for dealing with
A. 8. T. ). Aviation ratings other than the fact that the end

result agrees reasonably well with the experimental results.

One or two exceptions to this method will be pointed out
later.

The composition at the intersections of a given constant
performance line with the blending lines (fig. VIII-13) were

plotted on triangular coordinate paper and joined by straight

lines. The resulting performance lines are shown in figure
VII-12 (b). The final chart (ig. VIII-12 (¢}) was obtained
by superimposing figure VIII-12 (b) on figure VIIT-12 (a).
Additional charts are shown in appendix B, figures B-1 and
B-2 for other blending agents and base stocks.
contained 4 ml TEL/gal.)

(AL blends __

In appendix B, figure B-1 (e) represents the system of

blends for eumene, virgin base, and alkylate; the lines show-
ing A. S. T. M. Supercharge performance numbers were
determined by plofting peak knock-limited-power values
rather than power values at a fuel-air ratio of 0.11. This

deviation from the procedure used for all other charts was

necessitated by the fact that most of the mixture-response
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Fravre VIII-14—A. B. T. M. Bupercherge mixture-resporse curves for blends of cumene
and virgin base stock leaded to 4 ml TEL per gallon. (Fig. ¢ (&) of reference 13.)

curves for the cumene blends intersected at fuel-air ratios
between 0.10 and 0.11. (See fig. VIII-14.) The fuel-air
ratio for peak-knock-limited power varied between 0.115 and
0.132 for the cumene blends. No chart was prepared for
blends of cumene, aviation alkylate, and one-pass catalytic
stock because rich-mixture peaks were not obtained for a
sufficient number of the binary blends of cumene and one-
pass catalytic stock.

For the charts representing blends of xylenes (appendix B,
figs. B-1 (f) and B-2 (g)), A. S. T. M. Aviation performance
lines were omitted. This omission arises from the fact that
the curve of composition egainst performance number for
binary blends of xylenes and aviation alkylate passed through
a minimum. - (See fig. VIII-15) =~ =~ o

In general, data obtained on the A. S. T. M. Aviation
engine for the aromatic blends could not be handled with
complete satisfaction by the empirical procedure previously

09 qg 1 23
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FI1GURE VIII-15.—A. 5. T. M. Avietion blending characterlstics of mixed xylenes und aviation
alkylate, (Fig. 10 of referenco 12.}

explained. For this reason the accuracy of the lines of
constant A. S. T. M. Aviation performance shown for the
aromatic-paraffinic systems is questionable.

Quaternary blends.—The performance charts presented
in the preceding section are of interest primarily from con--
sideration of maximum knock-limited performance attainable
with various combinations of fuel blending agents and base
stocks. On the other hand, producers of aviation fuel are
interested in the maximum knock-free power attainable with
a finished blend that meets physical-property specifications
for aviation fuels. Accordingly, several charts have been
prepared to illustrate how physical properties might be
taken into consideration. In these examples the only
physical property considered is the Reid vapor pressure.
Current _aviation fuel specifications preclude the use of
fuels having vapor pressures in excess of 7 pounds per square
inch, —

In order to prepare these charts, adjustments in Reid
vapor pressures of the main componentis were made by
adding isopentane, which in the pure state has a vapor
*pressure of about 20 pounds per square inch. The addition
of isopentane to adjust the vapor pressure of the components
in a system such as that shown in figure VIIT- 16 will necos-
sarily affect the maximum knock-free power attainable
because of the performance rating of isopentane relative to
the ratings of the other components in the system, as shown
in table VIII-1.

TABLE VIlI-1.—A. 8. T. M. AVIATION AND A, 8. T. M. SUPER-
CHARGE PERFORMANCE RATINGS AND REID YVAPOR
PRESSURES FOR VARIOUS AVIATION-FUEL COMPONENTS

Perlormance numbet »
Reid vapor
- -Blending agent e
— I . bisqin) | A.B. T.M. | A.8. T. M,

R oL ” Avistion [Superchurge®

19.6 133 cidd

b >iél 300

7.4 142 03

&9 e} o4

47 119 137

s LY - >0

3.0 149 200

2.7 127 197

L1 118 200

N 124 200

.3 85 200

» Performance numbers are for pure blending agent containing 4 ml TELfgal,

l&fexf'fgrlximnce numbers over 161 are extrapolated (Ag. VIII-10). Ratings are for {ucl-air
ratio of 0.11, .

¢ Exirapolated from experimental data for blends containing up to 60 percent Isopentane.

d Assumed to be the seme as the rating for unleaded henzene,
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FIGURE VIII-16.—Blending chart for triptane, aviation alkylate, and virgin base stock by A. 8. T. M. Aviation and A. 8. T. M. Supercharge methods. (Fig. 7 (a) of reference 12.) A.S. T. M.
Supercharge fuel-afr ratio, 0.11.

In figure VIII-16, for example, a blend of 58.5 percent
triptane, 30.5 percent alkylate, and 11 percent virgin base
stock has a lean-rich performance-number rating of 135/200
and & Reid vapor pressure of approximately 3.5 pounds per
square inch. In order to obtain the same performance
(135/200) with a blend of triptane, alkylate, and virgin base
stock that has been isopentanized to a Reid vapor pressure
of 7 pounds per square inch (maximum permitted), & blend
of 55 percent triptane, 17 percent alkylate, 7 percent virgin
base stock, and 21 percent isopentane could be used. The
addition of isopentane has thus eoffectively decreased the
quantity of triptane needed to obtain the 135/200 perform-
ance rating. Isopentane has better performance character-
istics than the alkylate or the virgin base stock used, as well
as a higher Reid vapor pressure than the other three con-
stituents in the blend. (See table VIII-1.)

It must be emphasized that the preceding example is given
merely as an illustration of a fuel characteristic other than
antiknock quality that must be considered for a finished fuel
blend. This example is not intended to imply that the
preparation of fuel blends with Reid vapor pressures adjusted
to meet specifications will necessarily produce blends that
will meet all other pertinent specifications. )

Several performance charts for quaternary blends con-
taining isopentane were prepared for ecomparison with the

charts previously described for ternary blends. In each of

the quaternary systems the vapor pressure was adjusted to

7 pounds per square inch. Three assumptions were made
in the preparation of these charts:

(1) The relation between composition and Reid vapor™
pressure is linear for binary blends of isopentane with

another paraffinic fuel.

(2) The relation between composition and the reciprocal
of the A. S. T. M. Supercharge (rich) knock-limited indicated
mean effective pressure is linear for binary blends of iso-
pentane with another paraffinie fuel.

(3) The relation between composition and the A. S. T. M.

Aviation performance number is linear for binary blends of

isopentane with another paraffinic fuel.

On the basis of the available data, assumption (3) appears

to be valid for only a few cases. For this reason the_

=

A.S.T. M. Aviation performance lines on the charts for =

quaternary blends may be in error.

As an example of the preparation of the performance .

chart for a quaternary system, assume that it is desired to
isopentanize the blends represented by figure VIII-16. The
first step in this problem is to determine the amount of

isopentane to be added to each of the pure components .

to obtain a Reid vapor pressure of 7 pounds per square inch
and to determine the resultant lean and rich performance-
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Figuek VIII-17.—Blending charis for triptane, aviation alkylate, virgin base stock, and isopentane by A. 8. T M. Aviation and A. 8. T. M. Supercharge methods. Reid yapor pressure,
approximately 7 pounds per square inch; A. 8. T'. M. Supercharge fuel-sir ratio, 0.11, (Fig. 11 of reference 12.}
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(b} Triangnlar coordinate ad)usted to show blend composition In terms of concentrations of individual components

Fioure VIII-17—Concluded. Blending charts for triptane, aviation alkkylate, virgin bass stock, and bopentan'é by A. 8. T. M. Aviatlon and A. 8, T. M. Bupercharge methods, Reld vapor
pressure, approximately 7 pounds per square Ineh; A, 8. T. M. S8upercharge fuel-alr ratio, 0.13. (Fig. 11 of yeference 12.) Percentage lsopentane can be determined by subtracting sum of
pereentages of other components from 100.
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number ratings for these blends. This information as deter-
mined from the foregoing assumptions and table VIII-1 is
presented in the following table:

A.B.T. M s;f'scham'T'Min
Fuel blend Aviation dﬁn:rted mean
pedon%:nce effective
nomber
(ﬁglsq in)
’sq;;ercen.tirlptane+24m¢eutbopentane+&m1 145 "5
ss‘Femen.t alkcylate - 15 percent isopentane -~ 4 ml 121 00
n‘.’.lFerce:ntvirglnbase <+ 8 percent Isopentane 4- 4 ml
I 142

*The triangular chart shown in figure VIII-17 (a) was
obtained by treating these three blends (all of which have
Reid vapor pressures of 7 lb/sq in.} as separate components
by the procedure used in preparing figure VIII-16. Any
point on figure VIII-17 (a) represents the A. S. T. M.
Aviation and the A. S. T. M. Supercharge performance
number of a quaternary blend. The actual quantity of each
component in the blend, however, cannot be readily de-
termined from the chart because the percenteges given on
" the altitudes of the triangle show only the amounts of the
binary blends at the vertexes. For this reason, the grid of
the chart was so adjusted, as shown in figure VIII-17 (b),
that the quantity of any one of the four components in the
blend could be read directly from the chart.

As an illustration of the method for determining the com-

position of a fuel in figure VIII-17 (b), suppose that it is
desired to prepare a blend of triptane, aviation elkylate,
virgin base stock, and isopentane having a lean-rich rating
of 130/180. The concentrations of triptane, alkylate, and
virgin base in the blend having the desired rating can be
read directly from the altitudes of the triangle in the manner
used in previous charts. These concentrations are 48, 19,
and 13 percent, respectively. The concentration of iso-
pentane can be determined by subtracting the sum of the
percentages of the other components from 100.

Performance charts for other quaternary systems are pre-
sented in figure VIII-18. The experimental value for the
Reid vapor pressure of diisopropyl (table VIII-1) is 7.4;
howerver, in preparing figures VIII-18 (b) to VIII-18 (d), a
value of 7.0 was assumed for this fuel.

Accuracy of performance charts.—The accuracy of the
charts was determined by selecting ternary or quaternary
blends from the various charts and testing these blends by
the standard A. S. T. M. Aviation and A. S. T. M. Super-
charge procedures. Inasmuch as the rich ratings shown on
the charts were estimated at a fuel-air ratio of 0.11, the
check ratings were determined at this same fuel-air ratio.

The check blends tested are shown with their ratings in
table YIII-2. These blends are also shown on the various
charts (appendix B and figs. VIII-12 (c), VIII-16, and
VHOI-18 (a) to VIII-18 (c¢)) by the symbols. The fuel -
numbers shown adjacent to each of the symbols on the
charts correspond to the fuel numbers given in this table.

Triptane +4 mi TEL[gal

—— A.S. T M. Supercharge _ —_
performance number

~---A. & T M. AviaFion
performonce number

ALY S
S AVAVAU

Afkywer"g\ A X XSEISAINE A X VA%

TEL fga/

A S. T M Sqocr-charge per-farmance number

170 7EL fgal R

(n) Blends of triptane, aviatlon alkylate, hot-acid cofane, and isopentans,

FIGTRE VII-18.—Blending charts for quaternary blends by A. 8. T. M. Aviation and A. 8. T. M. Supercharge methods, Reld vapar pressure, approximately 7 pounds persquare Inch;
A. S. T. M. Supercharge foel-air ratio, 0.11. (Fig. 12 of refarence 12.) Parcentage isopentane can be determined by sabiracting sum of percentages of other components from 100.
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FicURR VIII—J.S.—Cohtlnued. Blending charts for quatem.ary blends by A. 8. T. M. Aviation and A. 8. T. M. Supercharge methods. Reid vapor pressure, approximately T pounds per

square inch; A. 8. T. M, Superchargo fucl-elr ratio, 0.11. (Fig. 12 of reference 12.) Percentage isopentane can be determined by subtracting sum of percentages of other componcnts
from 100.
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(c) Blends of triptane, hot-acld octane, diisopropyl, snd isopentans.

FiGURE VIL-18,—Continued. Blending cherts for quaternary blends by A. 8. T. M. Aviation and A. 8. T. M. Sapercharge methods. Reid vapor prossure, approximately 7 pounds por
square inch; A. 8.T, M. Bupercharge fuel-air ratlo, 0.11. (Fig. 12 of reference 12.) Percentage lsopentane can be determined by subtracting sum of percentages of other components
from 100.
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FIGURE VII-18.—Conclnded. Blending charts for quaternary blends by 4. 8. T. M. Aviation and A. 8. T. M. Bupercharge methods. Reid vapor pressure, approximately 7 pounds per
square inch; A. 8. T. M. Supercharge {uel-air ratio, 0.11. (Fig. 12 of reference 12.) Percentage Isopentare can be determined by subiracting sum of pen:eneages of other components

from 100.
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FiGURE VIO-19.—Comparfson of estimsated and observed knock-limited performance ratings

determined by A. 8. T. M. Aviation and A. 8. T. M. Bupercharge methods. A. 8. T.Af,

Supercharge fuel-air mtio, 0.11: (Fig. 13 of reference 12.)

All the dats in table VITT-2 are presented in figure VITI-19
to show the relation between estimated and observed per-
formance numbers. For the 25 blends shown in figure
V1II-19, the average deviation from the match line was 3.1
performance numbers for the lean ratings and 1.5 for the
rich ratings.

In consideration of the acecuracy of the charts it must be
emphsasized that the previously mentioned discrepancies
noted in the lean ratings of binary blends containing aro-
matics are responsible for some of the large deviations in
table VIII-2,

Discussion of performance charts.—The performance .
charts prepared in connection with this chapter can be used

for certain general comparisons of paraffins, aromatics, and
ethers. In figure VIII-16, for example, at the point repre-
senting & blend of 80 percent aviation alkylate, 20 percent
virgin base stock, and 4 ml TEL per gallon, the lean-rich
rating is 110/122. If a straight line is followed from this
point toward the triptane vertex until 20 percent triptane
has been added, the rating becomes 118/145. The addition

of 20 percent triptane to the base blend has thus increased .

the lean rating of the base blend by 8 performance numbers

and the rich rating by 23. If, however, the chert for ben- ]

zene (appendix B, fig. B-1 (d)) with the same base stocks
is examined, it is seen that a 20-percent addition of benzene
changes the rating of the starting blend from 110/122 to
106;146. The addition of 20 percent benzene has therefore
decreased the lean rating by 4 performance numbers, whereas
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TABLE VIII-2.—A, 8. T. M. AVIATION AND A. 8. T. M. SUPER-

CEARGE PERFORMANCE RATINGS OF TERNARY AND"

QUATERNARY FUEL BLENDS

[The following abbreviations are used thronghout the table: VBS for virgin base stock;
alkylate for aviatlon alkylate; one-pass stock for one-pass catelytlc stock; and MTB ether
for methyl teré-butyl ether]

Performance numbers
: I .. - A.B.T. M. A B T.M.
Fuel . Fue leomposition » Argln.”tlon! Surggrggx;ge
. Estl- | Ob- | Esti- | ob-
'i mated | served | mated | served
Ternary blends

A7) B0 hdt-aad octanot-26% VBE+16;
A487.. 1131& atacid cotans 489 VHETAIo |

08 o 110 111

A-233__ triptane— BS+75‘7&1 late._..[ - 126 126 50| 151

A-235.__| 209, triptanet ate_.. . 119 120 150 151

A-234._) 88% triptane--3¥ a.]ky ate__.| _114 115 150 180

A~460._| 439, triptane+ ylate_..{ . 119 116 160 158

A—481__|1 trlptane—-u VBS-|-74 alky afe. .. 116 117 140 142
—-486__| 13% triptane--@1

A - ate. - o8 g8 110 112
Admsl B o ey 19, +45% |

...... 08| ot 0] 121

A-488__ neohexane VBBI@ alkylate. 181 124 140 140

! A-5230C nechexane | pliylate|  oz| 18| n0| i

A-482_ e benzen i late... o7 100 140 139

A-522__| 47% benzene 41%VBs 1 .,alk late...| &7 77l 180] 1

A48d| 14 toluanc ate....| 92 97| 130| 130

A-g21.. VBS demel o e HI| I
A5} 8800 T e 5% FHe T e

A-538..| 6% T ether 59% VB34-36%alkylate_| — 94 ] 110 111
65%’ + oc%a.ne+13% %one-pass

A-471..] 3 trlptane+45 one-pass stock-+20%
P e Mt Mt Bt B
- 3 one
A-555._{ 3 oley dg]:o """ 1+°24!ock-: 1 uz| e} 19
- ropy one-pass
9&9’ L TSR 118 15 150 | 150
! : : Quaternary blends
A472. [ 1 tane£10% hot-acid _odtano+ |
“2;5% vlate +1§5 isopentane.......| ‘125 s | 160 18F
A—474_ . Ilﬂ% u.ne+ X dlisopropyl+ _
5‘7 ylat 12, 6%° isopentane ....... 130 136 160 159
A-478._. MZ isopro:;irk hot-acid oc.| . . .
| ne-+41.5% ylat lz%isopentane.. 128 181 159 159

» Each fue] containa appmx!matel} 4 ml TEL(gal.'

b Ratings made at fuel-air ratio of 0.
the rich rating has been increased by 24. From this com-
parison it follows that in this example the aromatic (benzene)
and the paraffin (triptane) are equally effective for increas-

ing the A. S. T. M. Supercharge (rich) performance but that
triptane is more effective than benzene for improving lean
performance.
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CHAPTER IX
FUEL VOLATILITY

A number of problems arise from the influence of fuel
volatility on engine and sircraft performance. Among these
are vapor lock, mixture distribution, ease of starting, cold
weather operation, and vaporization loss. In order to per-
mit reasonable control of these factors, fuel specifications
include provisions for regulation of volatilify. The particu-
Iar limits established on the volatility characteristics of fuels
are based on numerous laboratory investigations and con-
siderable service experience. Some of the laboratory re-
searches on volatility characteristics of fuel are described in
this chapter.

MIXTURE DISTRIBUTION

In multicylinder engines an important requisite of good
performance is uniform distribution of the fuel-air charge to
the individusal cylinders. However, design factors relating
to engine induction systems (for example, intake manifolds,
carburetors, and superchargers) tend to make the problem
of distribution one of varying significance with each particu-
lar engine. Aside from the undesirable effect on general
engine operation, nonuniform distribution increases fuel con-
sumption and cooling requirements and decreases over-all
knock limits. For & given engine and a fuel of given vola-
tility, the mixture distribution is affected by over-all fuel-air
ratio of the engine, engine speed, supercharger gear ratio,
charge weight flow or engine power, throttle setting, and
combustion-air inlef temperature. The investigation of refer-
ence 1 illustrates the degree to which these engine variables
may affect mixture distribution.

Distribution of fuel-air mixture to the various cylinders was
determined by exhaust-gas analysis (reference 2) by an im-
proved sampling technique reported by Cook and Olson
(reference 3). The engine used was an 18-cylinder, double-

row, radial air-cooled engine imstalled on a test stand and

fitted with a flight cowling. (See fig. IX-1.) The engine
was equipped with a single-stage supercharger with low and
high gear ratios of 7.6 and 9.45, respectively. Additional
installation details may be found in reference 1.

The carburetor-deck pressure was maintained atmospheric

and the throttle setting was varied to maintain fixed power

for the tests in which the over-all fuel-air ratio, the engine
speed, the power, or the intake-air temperature was varied.
(See reference 1.) The results therefore show the effect of
both the variable under investigation and the associated
variation of throttle setting and are representative of normal
sea-level performence. When the engine power and speed
were varied, one of the most important influences on mixture-
disfribution changes was the variation in throttle angle re-
sulting from atmospheric carburetor-deck pressure. During
the tests of varying throttle setting, the cerburetor-deck
pressure was changed to maintain constent power; operation
at altitude was thereby simulated.

L

Fi6veE IX-1.—Installation of test engine and cowling. (Flg. 1 of reference 1.)

Effect of over-all fuel-air ratio on mixture distribution.— =
In figure IX—2 the influence of over-all fuel-air ratio on dis-

tribution is llustrated. It is readily seen in this figure that
the distribution is best at lean fuel-air ratios.
between the richest and the leanest cylinders at an over-all
fuel-air ratio of 0.101 is reduced from 0.032 fo 0.003 at an
over-all fuel-air ratio of 0.059. This general trend was found _

to be true at all operating conditions, although the magnitudé_‘__
of the differences varied. The trend is attributed to the

fact that more nearly complete fuel evaporation occurs at
low fuel flows where the irregularities of distribution caused
by the concentration of fuel droplets are reduced.
reference 1.)

The difference =~ -

See _

- ——————
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FIGURE IX-2.—Variation of mixture distribution with over-all fuel-afr ratfo. Engine speed,

1800 rpm; engine power, 800 brake horsepower; low sapercharger gear ratio. (Fig. 7 (a)
of reference 1.)
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FioUBE IX-6—Varfation of mixture distribution with throttle setiing. Over-all fizel-air
ratfo, 0.100: low supercharger gear ratio. (Fig. 12 (a) of reference 1.)

Effect of engine speed on mixture distribution.—The re-
sults of tests at low supercharger gear ratio indicated that
the variation of mixture strength between the richest and
the leanest cylinders is not appreciably affected by changes
of engine speed between 1600 and 2400 rpm (fig. IX-3)
despite the accompanying variation in throttle angles. The
general shape of the distribution patterns does vary some-
what. For example, in figure IX-3 two peaks may be seen
occurring in the neighborhood of cylinders 10 and 16 at low
enginespeed. The peak near cylinder 16 is diminished whereas
that near cylinder 10 becomes more prominent as the speed
increases. At high speeds each of the maximum points tends
to move to the adjacent cylinder in & direction opposite that
of the impeller rotation, that is, from cylinders 10 and 16 to
cylinders 8 and 14, respectively.

Effect of supercharger gear ratio on mixture distribution.—
The effect of supercharger gear ratio on mixture distribution
is shown in figure IX—4. At the high supercharger gear ratio,
the mixture distribution was considerably improved over the
distribution at low gear ratio. It was suggested in reference
1 that the more nearly uniform mixture distribution at the
higher impeller speeds was due to the higher combustion-air
temperature and the resulting better evaporation of the fuel
passing through the supercharger as well as from the more
thorough mixing at the diffuser entrance. It should be re-
~ called, however, that in the preceding discussion no effect
" on mixture distribution was found when the impeller speed

was increased by increasing engine speed at constant super-
charger gear ratio.
213637—88——39
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Effect of variation of power on mixture distribution.—
Mixture-distribution curves for various values of breke
horsepower are shown in figure IX-5 for an over-all fuel-air
ratio of 0.089. The differences in mixture strength between
the richest and leanest cylinder are not greatly affected by
power level. Similar results were obtained at over-all fuel-
air ratios leaner and richer than 0.089.

Effect of throttle setting on mixture distribution.—Tests
were conducted at different throttle settings to determine the
change in mixture distribution. The results obtained at one
fuel-air ratio are shown in figure IX-6. The most significant
differences in the distribution pattern were observed at the
low power conditions. At 800 brake horsepower, for example,
cylinder 14, the leanest cylinder at sea-level throttle setting,
became the richest cylinder at wide-open throttle.

Although the mixture distribution patterns were different
at the various power levels and throttle settings, no trend of
improvement in distribution was apparent.
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Effect of combustion-air temperature on mixture distri=
bution.—Mixture distribution patterns for carburetor-deck
temperatures of 45° 90°, and 134° F are shown in figure
IX~7. 'The general shapes of the curves in this figure are
similar, but the differences between the richest and leanest
cylinders decrease with increasing carburetor-deck temper-
ature. This trend may be attributed to increased fuel
evaporation at the higher temperatures and the resulting
better mixing of fuel and air.

Effect of mixture distribution on fuel consumpnon.—-ln a
multicylinder engine, operation with. nonuniform distribu-
tion results. in higher fuel consumption. The relation be-
tween brake:specific fuel consumption and fuel-air ratio
(fig. IX-8) is such that the over-all brake specific fuel con-
sumption for nonuniform mixture distribution is necessarily
greater than that for uniform distribution. Calculations
(reference 1) indicated, however, that the difference is more
pronounced when the poor distribution is obtained at a lean
over-all fuel-air ratio. If mixture distribution is uniform,
the brake specific fuel consumption of the entire engine is
the same as that of each cylinder inasmuch as the fuel-air
ratio for each cylinder is equal to that of the engine average.

If the extent to which the over-all fuel-air ratio may be
reduced is (because of detonation or cooling) determined by
the leanest cylinder, the effect of nonuniform mixture dis-
tribution is important. The relation between the fuel-air
ratio of the leanest cylinder and the over-all fuel-air ratio is
presented in figure IX~9. Also shown is the curve represent-
ing uniform distribution. At any given value of the abscissa

05 b5 .07 .03 oe T i o n T

. ~-Fuekirijaction possbge
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the difference between the two curves represents the increase
in over-all fuel-air ratio required by nonuniform distribution
to attain a given value of fuel-air ratio for the leanest ¢ylinder.

Inasmiich as the mixture distribution is more nearly uni-
form at low over-all fuel-air ratios (fig. IX~2), the differences
between the over-all fuel-air ratio and that of the leanest
cylinder (fig. IX-9) decrease with decreasing mixture
strength

IMPROVEMENT OF M]XTURE DISTRIBUTION BY MECHANICAL CHANGES

One approach to the problem of climination of nonuniform
distribution is through the use of improved induction devicés
to permit introduction of more nearly vaporized fuel to the
intake manifold. An investigation (reference 4) conducied
by the NACA during World War 11 was concerned with the
development of an injection-type impeller that would im-
prove the uniformity of fuel-air misture and thus promote
mors uniform distribution to the cngme cylinders.

Injectlon impeller.—The variation in fuel-air ratio among

the engine cylinders is influenced by centnfugal and gravita-

tional separation of fuel droplets from the air as well as by
coarse, nonuniform injection of fuel into the air stream.
Consequently, an improvement in distribution can be
achieved by injecting the fuel at a point where the fuel
droplets are least likely to scparate from the combustion
air and at the same time by climinating the coarse droplets
present in the charge-air strcam.

The impeller developed in reference 4 was designed o
avoid the causes of nonuniform distribution by injecting
fuel near the impeller outlet, where elbow and carburctor
disturbances are at a minimum and where high veloeity and
turbulent conditions might be utilized to reduce the effect

~~~Impellar itronsfer

N : -~ possoge

. ~~Fuel-tronsfar
n fube

Nozzie ;

£ -Fuel-distribution '
. nng ot

annulus
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c=-Jdoa-
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(Fig. 2 of reference 5.)

F16URE IX-10.—Injection Impellor.
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of gravitational forces and to provide befter mixing and
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AF

at various engine powers and speeds. (Flg. 6 of reference 4.}

’k.. P —_‘k‘
fuel evaporation. The impeller (ig. IX-10) is a centrifugal AT \‘\\
impeller modified to act as & fuel distributor as well as a T y = ¥
supercharger. The fuel passages discharge from a centrally - e o
located supply chamber into the air passages at a point -08; R s <
sufﬁciently_ near the impeller tip to avoid fuel ‘mpingement I__H 7 000 Bho, 2doa's o
on the stationary shroud. Fuel is discharged with a centrifu- -08
gal force that exceeds the gravitational forces; consequently,
a uniform peripheral fuel discharge from the impeller is
attained.
Metered fuel passes from the carburetor to a stationary -4
nozzle ring, instead of feeding to the conventional carburetor . 4l
spray bar, and is delivered from the ring into a collector cup -10 1 P I A Ny
that rotates with the impeller. Between the nozzle ring g || A 3
- - . . . . [+ 7] \ S
and the collector cup is an air gap which eliminates surging SO e o
in the system. The fuel flows by centrifugal action through $ P~ -, \J,_,u/‘ | h
- " . o i 1700 bhp, 2300 rpm
the collectotr cup and the impeller transfer passages to the §-08
fuel-distribution annulus. From the annulus the fuel is w
thrown through the radial holes into the air stream.
A comparison of the mixture distribution resulting from o Enging wusing injection imptllel
Ny ee—eme—e--8& Engine using sfondord spray bar—r—
S . 4 - ——  Average fueal-oir ratio
v * 4 A
.2)\\ — ’\‘ 'IL“ N /m, Ny
‘ AT y r k. S
4;.\4‘--_‘»_ . -1!" z s -_“,—" \“\
09 2000 bhp, 2400 rpm T < - - 4‘1;.
- -4 ~4
-08 -5 r3 -
o ] 4]
o7 = , 2200 ¥,
Jf rpm
T NN
e N Front row 2 <+ [} &8 -+ 18
Jo = =5 Recr row / 3 s 7 g " /3 /5 Ieg
\ L - \Y/ ‘HV \ Cylinder
.08 ’:_/ < h - FigurE IX~12—Effect of Infectfon fmpeller on mixture distribution of engine at reduced
S W Loy [ N fuel flows. (Fig. 7 of reference 4.}
08 /700 bhp, 2300 rpm
o a standard carburetor spray bar with that from the injection
"§ impeller is presented in figure IX-11. A summary of the
< data from this figure is given in table IX-I.
g ,- At 1200, 1500, and 1700 brake horsepower (table IX-1)},
S the mixture spread was considerably less with the injection
0 A, impeller than with the standard carburetor spray bar; how-
LT \"\.“ ever, at 2000 brake horsepower the improvement was less
. I PENPF N ~4. | noticeable. The poorer showing at 2000 horsepower is
1- ™ N attributed in reference 4 to the fact that the impeller does
o6 P 1 not operate as satisfactorily at the higher fuel flows, whereas
- *--.1L_~4'__‘ /.1 ‘ ’
( 1500 bhp, 2200 rpm TABLE IX-1.—EFFECT OF INJECTION IMPELLER oN
-07) FTI 1 MIXTURE DISTRIBUTION =
Method of fuel injection
—2¢ Injaction impeller Fuel-air ratio
-—s—-&  Spray bar
Brake horsepower 1200 1500 1700 2000
.08 - :
- / \J /Jl—c < T jN Methndofg‘uel sﬁd- E]idcfli- Sﬁd— :fﬁ{)erfl- Staﬁd- ;;Ifoen(;- S:%d' tfonl_
-071 [ ‘ ~ Infectlo T |E | (| B | B MR
r"‘ z
e ";*-JL‘L'#"G T lz_oayegbp, fmﬂ "fé‘" - Meximon. . ... 0.0 | 0.0% | c.102| 0.088| 0.208 | .08 | 0.100 | 0.110
Feorrons 23 5% 78 e B "% o Minimam .| 0.061 | 0.070 | 0.076 | 0.088 | 0.085 | 0.082 | 0.085 | 0.088
; ) Cylinder Spread..______. 0.018 | 0.006 | 0.026| 0.010 | 0.018| 0.006 | 0.014 ] 0.013
{ Fiorem IX-11.—Effect of injection Impeller on mixture distribution of engine -

¢ Reproduced from refsrence 4.
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the spray ber apparently provides better mixture distribu-
tion at the thher flows.

A comparison of the mixture distribution at reduced fuel
flows for the injection impeller with the mixture distribution
at higher fuel flows for the standard spray bar is shown in
ﬁgure IX~-12. " A summary of the data from this figure is
given in table IX-2.

For 1500 and 2000 brake horsepower (tablo IX—2), the
variations in mixture distribution with the impeller at
reduced fuel flows are much smaller than the variations at
higher fuel flows (table IX-1}. At 1700 brake horsepower
the variations are greater. On the basis of these data it
was suggested (reference 4) that the ability of the injection
impeller to overcome the effects of gravitational and centrifu-
gal fuel separation is inhibited at high powers and fuel flows

TABLE IX-2—EFFECT OF INJECTION IMPELLER ON MIX-
TURE DISTRIBUTION AT REDUCED FUEL FLOWS* ~

Fuel-air ratio
Brake horsepower 1500 1768 ! Pae |
Btanderd Standard Standard
Injection Injection Injeetfon
Method of fuel infection sm_y impeller sgx:_y impeiler smy impellet
Mazlmam . __ 0.102 0.077 0.108 0.084 0.109 0,000,
Minimum. ... 0.0 | 0.071 0.085 0.083 | 0.095 | 0.084
= 915:2: V) P— R X ) 0.008 0.018 0.011 0.014 0. 008
» Reproduced from reference 4,
<--- Yo diam. ..

N
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by some design factor, the effects of which are eliminated at
reduced values of fuel flow.
EFFECTS OF THREE FUEL.INJECTION METH()DS ON MIXTURE
. DISTRIBUTION WITH LOW-VOLATILITY FUEL )
In order to compare the effects of three methods of fuel in-
jection on engine performance, an investigation (reference 5)
was conducted utilizing low-voletility fuel (so-called safety
fuel). Low-volatility fuel has long been considered as s
substitute fuel for conventional aviation gasoline to reduce
the fire hazard in eircraft. Conventional gasoline, because
of its high vapor pressure (Reid vapor pressure, 7 lbfsq in.),
is much more easily vaporized in an induction system than
is low-volatility fuel (Reid vapor pressure, 0.1 lb/sq in.);
consequently, safoety fuel offers a more rigid test of injection

methods.. Physical properties for gasoline and low-vola-
tility fuel (reference 5) are compared in the following table:
ol . Property Gasoline I”“'fgcl‘?tu""
i N
¢} 100/130 1004139
Tetraethyl Jead content, ml/gal.. .4.55 4.8
Flash point, close cuﬁ) Below —30 122
Distillation range,
Inff{a]’ boﬂlng point .t ecaaen 108 20
10-percent evaporated 141 4
50-percent evaporated.. 205 318
oo-peroent evaporafed 285 302
Final be n§ l?oi.ut-. .- 332 38t
P U —| Below ~78 Below —76
apo 7 0.1
2,0 20
2.3 30
0.2 X
Q.012 0. 0001
18740 1
0.168 0. 165
e 0.78

- &4 orifices~0.093 digm.

]
< L p T ® o q b _.l

[ ] L ] L - - L -

o ﬁ%ﬂ%%ﬂ s o—— %%
A

Section A-A

123 -
(&)

(a) Standard Bar

to longitudinal axis of

- - Orifices alined in plane pervendicular

,~-~16 orifices -0.036 diam.
‘ = -I6 orifices-0.052 diam.

A

et

1
Lo

/ﬂs—hln—/;/e—h'-—/—--—/—-l-—/%

/ ;g,-|-—/§{5—-|-—%+—-

%_

Section A-A!

12 % — -
(v)

(b} Impinging-Jets Bar.

Floure 1X-13.—Comparison of standard nozzle bar with Impinging-jets nozzle bar. (Alll dimensions given in inches.) (Pig. 8 of reforenoe 8.)
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Previous investigations (references 6 and 7) have shown
that low-volatility fuel can be utilized successfully in recip-
procating engines by direct injection into the cylinders.
However, the complexities of a direct injection system can
be avoided by better atomization of fuel and injection into
the manifold. Aside from the injection impeller discussed
in the preceding paragraphs, the NACA has investigated
the impinging-jets nozzle bar as & means of achieving better
fuel atomization. With the injection impeller, finely
dispersed fuel enters the combustion-air stream near the
impeller exit, whereas the impinging-jets nozzle bar in-
troduces the finely atomized fuel into the air stream immedi-
ately after the carburetor. A standard fozzile bar and
the impinging-jets bar are compared in figure IX-13. In
the standard bar are located 24 orifices as compared to 32
for the impinging-jets bar. The orifices in the standard
bar are larger and the fuel is discharged in less than half
the length of the bar. These factors result in poorer atom-
ization and only partial coverage of the combustion-air
duct. The orifices in the impinging—jets bar are at right
angles to each other and the sprays impinge to form finely
atomized fuel.

R 17T 1 T
09 Impinging-jets 0 Low-volotility
. Ao iy o Stimtord angine |
iri
-08 L ad (gaaolfnee)ng
Spread
.7 f—a 0017
o .026
.61
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(s} n 41L
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-G7 "-\ ) o O3
.35 j-r
-05] Injection
impelier
_‘.:Z .08 /o
o .ai7
t-07 R+ o .013
3 Y @
j .06
§ ! .
w. Impinging—jets. -
nozzZle bar
TV B
o .02
08X A g 7 j o 040
;_ A
.07 o e
-06, Injection
/0 Impelier
J I:l 024
.a8la 28 A o8
. I 3 5 7 9 nun 12 15 17 Rear- row

& 4 6 & 0 12 4 (6 I8 Front row
Cylinder N

(a) Englne speed, 2000 rpm; engine power, 1200 brake horsepower; approximate aversge
fuel-air ratio, 0.070.

(b} Engine speed, 2100 rpm; engine power, 1400 brake horsepower; approxfmate average
fael-air ratlo, 0.082.

FiGTRE IX-14.—Comparison of rnixture distribation obtained with various methods of fizel

Injection. Combaostion-sir temperature, 100° F. (Fig. 6 of reference 5.)

I

In order to evaluate the three methods of injecting low-
volutility fuel, & standard mixture-distribution pattern was
selected. This patfern was produced at various powers by

- injection of gasoline through the standard nozzle bar.

Comparisons of mixture-distribution patterns for the three
methods of injecting low-volatility fuel with the pattern for
the standard gasoline test are shown in figure IX-14. The
spreads in fuel-air ratio obtaiped in the standard engine
were 0.017, 0.024, 0.021, and 0.023 at 1200, 1400, 1600,
and 1800 brake horsepower, respectively.

At 1200 brake horsepower (fig. IX—~14(a)) the injection
impeller gave a distribution pattern similar to thet of the

standard engine; the over-all spread in fuel-air ratio was

slightly less then that of the standard engine. The other

methods gave patterns’ somewhat different from those of
the standard engine in that the over-all spreads in fuel-air

ratio were greafer.

At 1400 brake horsepower (fig. IX-14(b)) the injection
impeller again gave better distribution with low-volatility
fuel than the standard engine did with gasoline; however,
the impinging-jets bar was worse than the standard engine.

I Impihging—jets i I i
A nozzie bar o] Low-volohln‘y
Q) 4 1 ; fuel

I o0 -
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|
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E 4 6 8 10 2 14 16 I8 Front row
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o .037 ‘_".'

. a Stordord f.engmeI

.09 Ol | 5\. - (gasoline) | __I' K

‘\] Spread P
O,(Y o 0.021

R
[RRTR

(o} Engine speed, 2200 rpm; engine power, 1600 brake horsepower; approximate Bverage .

fuel-air ratfo, 0.087.
(1) Engine speed, 2300 rpm; engine power, 1800 brake horsepower; approximste average
foel-air ratio, 0.091.
FictRE IX-14.—Concluded. Comparizon of mixture distribation obtained with various
methods of fuel injection. Combustion-air temperature. 100° F. (Fig. 6 of reference 5.)
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Similar results were obtained at brake horsepowers of 1600
and 1800 (figs. IX-14(c) and IX-14(d)). Complete data
were not obtained at 1800 brake horsepower inasmuch as
this power was unattainable with either the standard nozzle
bar or the impinging-jets bar.

It can be concluded from the foregoing data that the
mixture-distribution patterns produced by the injection
impeller with low-volatility fuel are better than those found
with a standard nozzle bar and gasoline as a fuel.

EFFECTS OF FUEL VOLATILITY ON ENGINE PERFORMANCE

The effect of fuel volatility on engine performance was
investigated by White and Engelman (reference 8). Four
fuels were. tested over a range of inlet-air temperatures
between 46° F and 72° F. In general the results of this
study were inconclusive; however, the following summary
is offered.

The fuel having the lowest 90-percent point (A. S. T. M.
Distillation Procedure D86-40) gave the best power and
fuel economy. Differences in performance among the other
fuels were relatively slight and could not be attributed to
differences in: volatility. The 90-percent points of the
four fuels were 255°, 270°, 295° and 306° F, The most
volatile fuels were found to give more uniform mixture
distribution.

FUEL VAPOR LOSS FROM AIRCRAFT FUEL TANES

The development of high-altitude, long-range aircraft

REPORT 1026—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

The variables affecting fuel vapor loss were evaluated in

8 series of simulated-flight tests (reference 9). A small
fuel tank on a bench-test installation (fg. IX-15) was
employed to facilitate instrumentation and handling of
the equipment during the tests. A similar apparatus was
.installed in a twin-engine airplane in order to correlate
simulated-flight data with actual-flight data. (See fig.
IX-16.) Details of the apparatus™ may be found in
reference 9.

Effect of rate of climb on fuel vapor loss.—The fuel in the
tank (fig. IX-15) was subjected to simulated flights at rates
of climb of 1000, 2000, and 4000 feet per minute to an altitude
of 40,000 feet; the results are shown in figure IX-17. These
data are replotted in figure IX-18 with fuel vapor loss as 2
function of altitude. At any given altitude the loss increased
only slightly with increased rate of climl for the rates tested;
however, the losses due to foaming at the higher rates of
climb when the fuel tank is filled close to capacity were nol
investigated.

Effect of altitude on fuel vapor loss.~-The variation of fuel
vapor loss with altitude in figure IX~18 is linear above some
critical altitude (the theoretical altitude at which fuel vapor
loss begins). For this linear portion of the curve the followi ing
formula was derived (reference 9):

Z—Z,

L==13

where

has resulted in considerable concern over the loss of fuel | L. {fuel vapor loss, percent
vapor through fuel tank vents during flight. The loss of | Z altitude, in 1000 feet
fuel represents an increase.in the fuel consumed during | Z. ecritical altitude, in 1000 feet (intersection of linear
flight and thus causes a reduction in cruising range and load- portion of loss-against-altitude curve with base line,
carrying capacity. fig. IX-18)
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FIaURE IX-15.—Bench-test installation for determination of fuel vapor loss under simulated flight conditions. (Fig. 1 of reference 8.)
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Effects of initial fuel temperature on fuel vapor loss.—
The effect of initial fuel temperature on fuel vapor loss is
shown in figure IX-19. These results were obtained from
simulated flight tests in which the condition of climb to
30,000 feet was investigated for eech of the initial fuel
temperatures shown on the figure. These data have been
replotted in figure IX-20 to illustrate the variation of fuel
vapor loss at the end of climb with initial fuel temperature.
Above & fuel temperature of about 70° F the loss varies

linearly with fuel temperature. It was suggested inreference
9 that the fuel vapor loss during climb to an altitude of

FiGURE IX-16. Flight-test Installation for determinstion of fuel vapor loss. (Fig. 2 of reference 9.)

30,000 feet at initial fuel temperatures above 70° F could
possibly be predicted from the following equation:

L=K(T— T

where
L fuel vapor loss, percent
T initial fuel temperature, °F
T, temperature above which loss varies linearly with
temperature (intersection of linear portion of curve in
fig. IX-20 with abscissa), °F. |
K constant (0.18 percent per °F, from fig. IX-20) o
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F1GURE IX~18.—Variation of fuel vapor loss with altitude during simulated flights at various
rates of ¢climb. (Fig. 8 of reference 9.)

Effect of fuel weathering on fuel vapor loss.—Several suec-
cessive standard simulated flights were made on the same
tank of fuel in order to determine the effect of weathering on
vapor loss. (See fig. IX~21.) In this particular test the total
volume loss of fuel resulting from the three simulated flights
was about 20 percent. The effects of such losses on fuel
properties are discussed later in this chapter.

Effects of fuel agitation on fuel vapor loss.—An attempt
was made in reference 9 to determine the effects of agitation
on vapor loss. The effects of low-amplitude vibrations were
investigated by vibrating the tank vertically during a
simulated flight. The tank was vibrated at frequencies of
168 and 120 cycles per second at amplitudes of 0.0009 and
0.0018 inch, respectively. An air-operated vibrator attached
to the tank was used for this purpose. This type of v1brat1on
had no significant effect on fuel vapor loss.

The effect of turbulence on vapor loss was investigated
(reference 9) by use of & three-bladed propeller installed in
the tank. This mechanism simulated the turbulence arising
from use of submerged fuel booster pumps. Two series of
tests were made: one in which the fuel was thrust downward,
and another in which the fuel was thrust upward. The results
are shown in figure IX-22. For the range of speeds investi-
gated the fuel vapor loss increased with speed irrespective of
the direction of thrust.

A third method of agitation was investigated in which the
fuel tank was oscillated to simulate sloshing of the fuel during
flight. The tank was rocked through an angle of 5° at rates

S
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ature during sfmulated fiight. (¥ig. 12 of reference &.)

of 40 and 60 cycles per minute. Fuel vapor loss was increased
(fig. IX-23) by this method of agitation.

Flight correlation.—A comparison was made between tho
flight and bench-test apparatuses used for determination of
fuel vapor loss. (See reference 9.) The flight paths followed
in these tests are shown in figure IX~-24. In both cascs the
initial fuel temperature was 108° F. The fuel vapor loss
resulting from each of the two methods is shown in figure
IX-25. The difference in vapor loss measured by the two
methods was about 0.06 percent.

EFFECT OF FUEL YAPOR LOSS ON INSPECTION
PROPERTIES OF AVIATION FUELS

The effects of fuel vapor loss on the properties of two
typical service fuels (AN-F-28 (28-R) and AN-F-33 (33-R))
were investigated in reference 10. These fuels were weathered
in a simulated-altitude apparatus shown diagrammatically
in figure IX-26. This apparatus represents an improvement
over the apparatus deseribed in the preceding section of this
chapter. (See fig. IX-15.)
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The fuels were weathered during a simulated flight con-
sisting of climb at a rate of 1000 feet per minute to an
altitude of 30,000 feet. The altitude of 30,000 feet was
maeintained for approximately 10 minutes after the end of
the climb. Because fuel vapor loss is dependent on the
temperature (fig. IX~19) of the fuel in an airplane tank at
the time of take-off, two initial fuel temperatures (90° and
130° F) were used in the weathering tests of each fuel.

The data obtained from the weathering tests indicated
that with 28—R about 3.6 percent (by weight) of the fuel was
lost during a simulated flight in which the initial fuel temper-
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FicurE IX-25.—Fuel vapo;- loss during simulated and actual fiights. (Fig. 20 of reference 8.)
Initial fuel temperatare, 108° F,

ature was 90° F. For an initial temperature of 130° F the
loss was about 12.8 percent. With 33-R the losses were
about 3.5 and 14.3 percent at temperatures of 90° and 130° F,
respectively.

Inspection data for both weathered and unwea.thered fuel
samples are shown in table IX-3. The data in this table
show that, as a result of the weathering loss, the distillation .
temperatures were increased and the Reid vapor pressures
decreased. The greatest increase in distillation temperature
occurred in the low temperature range. Specific gravities,
aromatic concentrations, and tetraethyl lead concentrations
were increased.

If the data for the weathered samples are compared with
the specification limits, it is seen that the samples of 28-R
and 33-R fuels, weathered from an initial temperature of
90° ¥, meet the requirements with the exception of lead
concentrations. The 50-percent-evaporated temperature for
33-R is about 3° higher than permitted, but this difference is
within the precision of the A. 8. T. M. digtillation procedure.

For an initial fuel temperature of 130° F the weathered
sample of 28-R still meets the requirements with the excep-
tion of tetraethyl lead concentration, whereas 33-R is
unacceptable because of the high 50-percent-evaporated
temperature as well as the high tetraethyl lead concentration.

Both weathered samples have a Reid vapor pressure of 4.6 '

pounds per square inch, which is a lower value than that of
most aviation fuels. Under current aviastion-fuel specifica-
tions, a low Reid vapor pressure is permissible as long as the
low-end distillation temperatures are within the specified
limits.
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TABLE IX-3.—INSPECTION DATA FOR WEATHERED AND UNWEATHERED SAMPLES OF 28-R AND 33-R FUELS*

2R 3R
Weathered Weathered
A;\"-F;IZS Tnweath- .-\..\i;-g-% 'L'nv;'&‘lth-
specifications ered tions €]
bo°F | »180°F | T 1 bpe°F | b130°F
Tetraethyl lead, mfgal. . | 4.6 (max) e 481 549 | 46(max) | 43 472 529
Spectfie gravity 60°/60° F__ - o5 | 072 =T 0.708 0.710 0.718
Reid vapor pressure, 1bfzq in weeee| 7-0(max.) 6.6 8.0 4.6 7.0 (max.) 8.6 59 4.6
Aromaties, precent by volume . oo ooeeeeoen . - 15.1 15.3 1.7 | oo 7.8 7.7 8.3
A. 8. T. M. distillation
Percentage evaporated Temperature, ° F
0 mmcmmrmmmmcmmmmmememm|  mmmmemeea 169 108 b i 103 104 116
10— e e—cmmm e 167 137 142 180 187 (max.’ 134 140 163
[ - 187 194 200 213 187 (min 186 204 20
50. - —— | 21 23 pavy 225 221 (marx. 219 224 22
0. - . .- 284 274 76 2583 275 (max. 272 274 279
End point_ e mecmmmmmmmmamac—mcemcameamsme—m—— 356 822 326 330 356 (max. 844 348 857
Sum of 10- and 50-percent polnts. e 307 (min. 350 35 385 307 (m 353 364 aes
Residue, percent e mmmmmmmmmm———————mam e —n———— 1.5 (max.) 0.8 0.6 0.4 1.5 (max.) 0.9 0.9 0.8
Loss, percent ________________.. e e e L5 (max) L4 L4 (K] 1.5 (max.) 11 L1 0.7
s Table I of reference 10. -
b Temperature of fuel at start of simulated fiight.
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FIGURE IX-26.—Simulated-altitude bench-test mstallation for determination of fuel vapor loss. (Fig. 1 of reference 10.)
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In an earlier investigation (reference 11) an equation was
derived to permit estimation of fuel vapor loss by change in
specifie gravity.

L=K(A—A4,)
where
L percentage fuel loss
4 final specific gravity of fuel at 20° C (68° F)
A, initial specific gravity of fuel at 20° C (68° F)
K constant, characteristic of each fuel

The values of the constant K were evaluated (reference 11)
for the six fuels used in this study and were plotted against
the initial specific gravity (dy) in figure IX-27.

EFFEQT OF FUEL \TA'POR LOSS ON ENOCK-LIMITED PERFORMANCE

The A. S. T. M. Aviation (lean) and A. S. T. M. Super-
charge (rich) antiknock ratings for 28-R and 33-R are
shown in the following table (reference 10). Two rows of
ratings are given for each fuel. The first row is milliliters
of tetraethyl lead per gallon in S reference fuel and the
second row is performance number. The A. S. T. M.
Aviation ratings determined for unweathered 28-R and
33-R are higher than the nominal ratings for these fuels.

[
! A S.T.M. [ A8 T.AL
I Fuel Condition Aviation [Supercharge,
rating l rating

%5-B | Nomiual ruting .- ..o 0 | L

. 100 130

R e S 0.08 | 13

108 | 130

2-R { Weathered (*20°F) ... . 0.10 L3i

104 130

2B-R Weathered (*130° F) - .o oicoe i 0.07 1.52

38 183

33-R Nominal rating. ...l Q.47 278

115 145

33-R Tnwenthered__ il 0.68 2.68

120 144

R3-R | Weathered (890°F) . oo, 0.75 2,67

121 144

3-R Weathered (*130°F}. . oo oo 078 2,92

121 118

aTemperature of fuel et start of stmulated flight.

The data indicate that the loss of fuel vapor resulting
from weathering has little or no effect on the ratings of the
two fuels. If the changes in ratings can be assumed to be
significant, the A. 8. T. M. Aviation and A. S. T. M. Super-
charge performance numbers of both fuels increase slightly.
These comparisons should be valid inasmuch as the data
were obtained on the same operating day.
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CHAPTER X
INTERNAL COOLING

Over a period of years, improvements in fuel performance
have made it necessary to improve engine-cooling facilities
in order to take full advantage of power potentialities of a
given fuel. Cooling studies (reference 1) indicate that more,
and more heat must be disposed of. through the engine walls
as the specific power output of the engine is increased. If
adequate cooling is assumed to be selely dependent on heat
transfer through the cylinder walls, the search for better
engine cooling is a continuing process accompanying the
ever-increasing antiknock quality of _conventional fuels.
Although these comments pertain primarily to air-cooled
engines, the same might be said of liquid-cooled engines in
regard to radiator size and cooling drag.

Complete dependency on heat transfer through cylinder
walls for adequate cooling can, however, be avoided by a
method commonly called internal cooling. Internsl cooling
may be defined as the injection of an auxiliary liquid into
the fuel-air charge at some point before the engine intake
port. A desirable liquid for internal cooling should have a
high latent heat of vaporization, since the more heat ex-
tracted from the charge fuel-air mixture, the greater the
cooling attained. The reduction in temperature of the
mixture achieved by the use of an internal coolant will
result in lower cylinder temperatures and will extend the
knock-free performance range. In addition to the advan-
tage of increased permissible power, two other goals in the
use of internal coolants are savings in fuel and savings in
total liquid consumption.

Each of these objectives may be sought in itself by disre-
garding changes in the other two or it may be sought in com-
bination with one or both of the others in an effort to balance
advantages against disadvantages. The most outstanding
advantage of internal cooling is, however, the increase in
knock-limited -or cooling-limited power that it makes
possible.

Where gasoline shortages exist because of out-of-the-way
destinations of transport airplanes or because of air routes
requiring transportation by air of the gasoline used, the
possibility of savings in gasoline is particularly pertinent.
Such savings may result from the use of internal cooling
rather than fuel enrichment to suppress knock at high

Fiovrg X-1.—Intake manifold with water spray bars In position. (Fig. 1 of reference 4.)
612 ' ' ' : :

power output. In this case water would be the most effi-
cient internal coolant if freezing temperatures were not en-
countered in the internal-coolant system. Temperatures
below freezing would necessitate either the addition of a
freezing-point depressant or the use of a lagged or heated
water system. Special cases and requirements must ob-
viously determine which of these methods is most advan-
tageous, _ :

The material that appears in the succeeding portions of
this chapter considers only the case of internal cooling where-
in the coolant is injected at some point in the intake-air sys-
tem of the engine. Water injection was treated briefly in
chapter I, however, where it was found that knock could be
suppressed in an engine by injection of water directly into
the combustion end rone. This method was suggested as
s means of economi.ing on the quantity of caolant that
might be required to reduce knock.

EFFECT OF INTERNAL COOLANTS ON ENGINE PERFORMANCE

Several investigations (references 2 to 4) have been con-
ducted by the NACA in which the effectivencss of internal
cooling with respect to knock-limited and temperature-
limited performace has been illustrated. In one of these
investigations (reference 4) a V-type 12-cylinder liquid-
cooled aireraft engine was used as the test engine.

Water was continuously injected through 12 spray bars
ingerted into the intake manifolds through holes drilled in
the top of the manifolds about 1 inch back from the faces of -
the manifold mounting flanges, as shown in figure X~1.
The spray bars (fig. X-2) were of ¥,-inch-diameter, stainless -
steel tubing about 2% inches long with six holes, each 0.016
inch in diameter, arranged in two rows of three holes each, to
spray water directly into each intake port. Water was
applied to the spray bars by individual lines from a tank,
which was kept under pressure with compressed air.

(Flg. 2ol referenee 5.)

FiaURE X-2.—~Closeup of water spray bar lnserted in Intake manltfold.
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With this injection system, knock-limited performance
data were obtained at carburetor-air temperatures of 158°,
101°, and 50° F (fig. X-3). In figure X-3 (a) the peaks of
the knock-limited brake horsepower curves occur at succes~
sively leaner mixtures as the water-fuel ratio is increased.
At a water-fuel ratio of 0.6, a rapid decrease in knock-limited
power was found as the fuel-air ratio was increased beyond
about 0.092. Similar results were found at the other car-
buretor-air temperatures; however, at a carburetor-air tem-
perature of 50° F (fig. X-3 (c)) the sharp decline in knock-
limited brake horsepower at a water-fuel ratio of 0.6 occurred
at fuel-air ratios greater than 0.08.

At the three carburetor-air temperatures investigated, the
brake specific fuel consumption was lower with water injec-
tion than without at fuel-air ratios leaner than 0.092. This
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12-cylinder liquid-cooled engine; fuel, AN-F-28, Amendment-2; engine speed, 3000 rpm.

reduction is caused partly by increased mechanical efficiency
of the engine at the high power outputs attainable with
water injection. .

Cross plots of the data in figure X-3 are shown in figure
X—4 for two fuel-air ratios. With the exception of the data
at 0.095 fuel-air ratio and 50° F carburetor-air tempersture,
increases of water-fuel ratio resulted in inereases of knock-
Iimited brake horsepower. For the excepted dats, water-
fuel ratios greater than 0.45 resulted in & decrease of knock-
limited power.

The effect of internsal cooling on cylinder-head tempera-
tures was also observed inreference 4. The average cylinder-
head temperatures for the engine are shown in figure X-5 as a
Itis
apparent in this figure that as the water-fuel ratio increases,
the power increases continuously; however, the cylinder-
bead temperatures pass through a maximum. The water-
fuel ratio at which this maximum occurs increases as the . .
carburetor-air temperature increases. -
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Figurs X-3.—Concluded. Knock-limited performence with water Injectlon. v-type
12cylinder liquid-cooled engine; fuel, AN-F-28, Amendment-2; engine speed, 3000 rpm.

Effect of internal cooling on fuel comsumption.—Under
high-power cruise operation, over-all fuel enrichment may
be necessary in order to prevent an inecrease in cylinder tem-
peratures beyond the specified maximum. This practice ob-
viously results in higher fuel consumption than would ordi-
narily be desired in the interest of range considerations.
However, the same end result can be achieved by adding
additional fuel only to the hottest cylinders.

This fact is substantiated by results obtained in an unpub-
lished NACA. investigation conducted in an air-cooled engine.
The results indicated that lower brake specific fuel consump-
tions could be obtained at high cruising power, with no in-
crease in maximum rear-spark-plug-gasket temperatures, by
injecting additional fuel to the hottest cylinders and operating
the engine in automatic-lean mixture setting instead of the
automatic-rich mixture setting usually recommended. The
fuel savings varied between 6 and 10 percent for two engines
tested in flight and one engine tested in an altitude wind
tunnel. It was found, however, that little or no fuel saving
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is realized when additional fuel is supplied to the hot eylinders
unless the temperature spread among the cylinders before
enrichment is very large.

Another investigation conducted in an air-cooled engine
(reference 5) showed that further gains in fuel economy
could be achieved by using water instead of fuel to cool the
hottest cylinders. In this particular study, it was found that
the use of water instead of excess fuel to maintain engine
temperature limits at powers normally requiring a fucl-air
ratio of about 0.09 resulted in a decrease of approximately
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26 percent in brake specific fuel consumption with an in-
crease of about 3 percent in brake specific liquid consumption.

It is obvious from the foregoing discussion that water
injection in aircraft engines permits temperature-limited
cruising powers to be reached at reduced engine speeds and
increased brake mean effective pressures with fuel-air mix-
tures very near that for maximum economy. Furthermore,
significant improvements in fuel consumption can be at-
tained without appreciable increases in over-all liquid con-
sumption.
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These findings have been further substantiated by a study
reported in reference 6 in which it was fouund that for typical
air-cooled aireraft engines operating under eruising conditions
in which overheating is ordinarily prevented by enriching
the fuel-air mixture to the entire engine, the fuel consump-
tion may be reduced 7 to 37 percent by adding weter or fuel
to only the overheated cylinders.

Effect of internal cooling on spark-sdvancerequirements.—
Internal cooling can also be utilized to take advantage of
gains that may be achieved by retarding the spark timing
of an engine. This fact was demonstrated in an investiga-
tion (reference 7) conducted in a liquid-cooled single-cylinder

test engine. Two positions were used for the injection of
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Figcre X~5.—Variation of average eylinder-head temperatare with water-fuel ratfo at knock-
limited power for three carburetor-afr temperatares. v-type 12-cylinder lquid-cooled
engine; fuel, AN-F-28, Amendment-2; engine speed, 8000 rpm. (Fiz. I3 of reference 4.)
Numbers on curves are values of knockJfmited brake horsepower.

internal coolant: position A before the vaporization tank
and position B at the intake elbow. In both positions the
coolant was discharged downstream. The positions of
injection are illustrated in figure X-6.

The effect of internal-coolant—fuel ratio on spark advance
for peak power is shown in figure X-7. For both types of
injection, the spark advance required for peak power was
greater when the coolant was injected before the vaporiza-
tion tank than at the injection elbow; however, the difference
was small when & 50 : 50 mixture of water and ethyl alcohol
was used as the coolant. This result indicates that the
water, when injected before the vaporization tank and
allowed to mix thoroughly with the fuel-air mixture, slowed
the flame speed more than when injected at the intake elbow.
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{--Surge tonk

FigurE X-8.~Induction system used with multicylinder-block adaptation to CUE crenk-
case showing two positions of Internal-coclant nozzle, (Fig. 2 of referencs 7).

The flame speed was slowed to about the same degree
regardless of injection position for the 50 : 50 mixture of
water and ethyl alcohol.

At the same internal-coolant—fuel ratios (fig. X-7) and for
the same coolant injector location, the water—ethyl-alecohol
mixture retarded burning less then the injection of pure
water. This difference can be attributed to the fact that
the alcohol is & fuel and as such is contributing to the com-
bustion process.

In figure X-8 is illustrated the effect of internal-coolant—
fuel ratio on the mixture temperatures corresponding to the
data of figure X—7. The data for figure X-8 represent
the case in which the coolants were injected shead of the
veporizetion tank. The mixture temperature decreased
until the fuel-air mixture became saturated and for further
additions of coolant beyond this point the mixture tempera-
ture remained constant. In a similar manner, the power at
peek-power spark advance increased because of the increased
charge weight inducted into the cylinder until the internal-

coolant—fuel ratio for saturation was reached, at which

point the power leveled off. (See fiz. X-9.) Beyond the
point of complete saturation the additional cooling of
the mixture must occur after the intake valves close, which
makes it impossible to increase engine power through an
effect on air flow. TFurther additions of coolant caused a
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characteristics of the airplénes considered are presented in
the following table:

v Normal fuel Gross
me"‘_’&] capadity welght
Afrplage horse-
i ower | s sirplene

P @h | oy | ",
Heavy bomber. .o oo 4800 1433 8508 41,000
Pursodt___ 2000 210 1200 11,870
Torpedobomber.. . ____ 1700 301 1808 18, 304
Shipboard fighter._ oo e . 2000 344 2064 12,877

For these airplanes the estimated increase in take-off load
for a 25-percent increase in take-off power is as follows:
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Fi1ouRrg X-~7.—Eflect of internal coolant-fuel ratio on spark edvance for peak power for two {90 \ ‘\V

interngl coolants and two positions of injection. Single-cylinder adaptation of multicyl- \‘

inder engine to CUX crankcase; compression ratio, 6.85; engine speed, 3000 rpm; fuel-air \

ratio 0.08; Inlet-oil temyperature, 185° F; outlet-coclant temperature, 250° F; inlef-air tem- "

perature, 250° F; inlet-air pressure, 80 inches of meroury absolute. (Fig. 11 of reference 7.) E::,. \ \
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decrease in the power obteinable at peak-power spark *EJ 79 U\
advance because some heat of vaporization was extracted g \ \
from the air during the compression stroke; decreased cycle & A .
efficiency resulted. The power increase at peak-power spark ~ s \
advance was small when coolant was injected at the intake p/50 N
elbow (fig. X—9) because so little time was available for E N
charge cooling before the intake valves closed. b3 \ \

The percentage loss in power at various values of spark
advance over that obtained by using peak-power spark ad-
vance is shown in figure X-10 for each internal-coolant—
fuel ratio investigated. The data in this figure indicate that
operation with normal spark timing at a given coolant-fuel
ratio and position of injection results in a power loss approxi-
mately twice as high for water as for the mixture of water
and ethyl aleohol.

USE OF INTERNAL COOLING FOR INCREASED TAKE-OFF POWER

In 1944 an analysis was made by the NACA to evaluate
the use of internal cooling as & means of increasing take-off
power. This study (reference 8) was made for four airplanes
to determine the effects of a 25-percent increase in take-off
power on the take-off load of the airplane. The operating
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F1aURE X-8.—Eflect of internal coolent-fuel ratio on mixture temporature for two internal
coalants Infected before the vaporization tank, Single-cylinder adaptetion of multicylinder
engine to CUE crankoase; compression ratio, 6.65; englne speod, 3000 rpm; fuel-alr ratlo,
0.05; inlet-oil temperature, 185° F; cutlet~coolant temporature, 250° F; inlet-air temperature,
250° F; Inlet-air pressare, 80 Inches of mereury absolute. (Fig. 12 of reference 7.)
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F16URE X-8.—Effect of internsal coolant-fuel ratlo on engine power at spark advance for
peak power for twa Internsal coolants and two positions of Infection. Single-cylinder adap-~
tation of multicylinder engine to CUE crankcase; compressfon ratio, 6.85; engine speed,
3000 rpm; fuel-alr ratio, 0.08; Inlet-oil temperature, 186° F; cutlet-coolant temperature,
250° F; Inlet-alr temperature, 250° F; [nlet-alr pressure, 50 inches of mercury ahsolute. (Fig.
13 of reference 7.)

The date presented in the foregoing table indicate that
marked increases in the usable load, or in this usable load
translated into gallons of gasoline, may be achieved through
use of internal cooling for 25-percent increased take-off power.
These numerical estimates are necessarily dependent upon
the assumed values for many factors. For example, these
particular calculations include the following assumptions:

(1) that 0.78 pound of coolant per pound of fuel is
required to produce a 25-percent increase in take-off
power. This quantity of coolant is about 45 percent
higher than is indicated by experimental data in
order to provide a factor of safety in the calculations.

(2) that sufficient coolant is provided for 5-minute
operation

(3) that the increase in propeller weight for the addi-
tional power output is about 100 pounds

(4) that the coolant system exclusive of the tank weight

is about 75 pounds.
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FIoURE X~10.—Loss In power incurred by operating without peak-power spark advance for

. several internsl coolant-fuel raties and for two positions of injection. Single-cylinder
adaptation of multieylinder engine to CUE crankease; compresslon ratlo, 6.65; engine speed.
3000 rpm; foel-afr ratfo, 0.08; inlet-oR temperature, 185° F; outlet-coclant temperature,
250° F; Inlet-air temperature, 2X0° F; inlet-alr pressure, 50 Inches of mercury absolute. (Fig.
14 of reference 9.)

Other details of the estimates may be found in reference 8.

In addition to the gains in usable load, certain gains may
be realized in rate of climb and take-off run. The increase
of 25 percent in take-off power indicated an increase in rate
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of climb from 3100 to 4100 feet per minute up to an altitude
of 12,000 feet for the pursuit-type airplane and 1600 to 2200
feet per minute for the torpedo bomber.. The estimated
take-off distances for the four airplanes are as follows:
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Fiotre X-11.—Helatlon between oatlet-air temperature from supercherger and final tem-
perature of alr when sufficlent cooling water 1s inducted for saturation of alr. W ater
indueted as a liquid at 60° F. (Flg. 7 of reference 9.}

PRACTICAL ASPECTS OF INTAKE-AIR COOLING BY WATER INJECTION

Inasmuch as the application of internal cooling to aircraft
would necessarily require the installation of additional equip-
ment, consideration has been given to means by which in-
ternal cooling might be applied without significant increase in
aireraft weight. Calculations have been made (reference 9)
to determine the extent to which the engine intake air is
cooled by water injection. The results of these calculations,
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presented in figure X-11, indicate that the degree of cooling
achieved by water injection is sufficient to permit the climi-
nation of normal intercooling and after-cooling in the super-
charger. Consequently, the weight of equipment necessary
for internal cooling might be offset by the elimination of the
supercharger intercooler or aftercooler.

Further calculations reported in reference 9 indicate that
the water to be used as internal coolant can be obtained by
recovery from the exhaust gas. Sufficient water can be
recovered from 50 percent of the o\haust gas to provide an
mducted water—fuel ratio of 0.5.

EVALUATION OF VARIOUS LIQUIDS A8 INTERNAL COOLANTSH

As part of the problem of applying internal cooling to
aircraft, extensive investigations have been conducted to
evaluate the performance of various liquids as internal cool-
ants. Ome such investigation, reported in reference 10,
compares the performance of (1) water, (2) methyl alcohol
and water, (3) ammonia, methyl alcohol, and water, (4)
monomethylamine and water, (5) dimethylamine and water,
and (6) trimethylamine and water. These studies wero
made on & high-speed supercharged CFR engine which is
described in detail in reference 10. The internal coolant
was continuously injected at room temperature into the
injection elbow just above the fuel injection nozzle and
parallel to the air flow.

The results of the investigation summarized in table X-1
indicate that when water is used as an internal coolant the
greatest improvement in knock-limited performance of
AN-F-28 fuel is achieved at lean fuel-air ratios. The mix-
ture of methyl alcohol and water is a slightly better coolant
than water at lean mixtures but considerably better at rich
mixtures. As pointed out earlier in this chapter, the methyl
alcohol is a fuel and as such contributes to the combustion
process as well as the cooling. Of the coolants listed in
table X~1, mixtures of water with monomethylamine or
dimethylamine showed the greatest improvements in the
knock-limited performance of AN-F-28; the increases in

TABLE X-1.—IMPROVEMENT IN KNOCK-LIMITED ENGINE
PERFORMANCE OF AN-F-28 FUEL ACHIEVED BY IN-
TERNAL COOLING

[OFR engine; Iciloll:nprea?,.«;ln|1 ratio, 7.0; engine s

, 2500 rpm; [nlot-alr tempwrature, 250° F;
et-coolunt temperature, 250° B.T.ClJ]

H spark advance, 30°

Relative power ratlo
fmep (fuel + internal coolant)
imep (fuel alone)
Internal coolant (0.5 Ib/ib fuel)
Fucl-alr ratlo
.05 0.08 0.08 0.09

NODe. e ecmecmremcrc e e —— L0¢ 1.00 1.00 1.00
R 1 L4 1,52 1.41 1.28
Methylaleohiol and water (70:30 by volume) 1.51 1.59 L8 .78
Monomethylnmlne and water (32-68 by

welghfy .| L8 181 « 1,86 *1,83
Dimethylamine and water (26:74 by weight).} 182 L78 L9098 PR

s Afterfiring encountered.
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knock-limited indicated mean effective pressure ranged -be-
tween 78 and 98 percent for different fuel-air ratios. The
use of trimethylamine-water solution as an internal coolant
lowered the knock-limited performance of AN-F-28.

The addition of anhydrous ammonia to the solution of
methyl alcohol and water before injection (reference 10)
reduced the knock-inhibiting effects of the solution of methyl
alcohol and water and promoted afterfiring. Afterfiring
also occurred when monomethylamine-water solution was
used as an internal coolant (table X-1).

The effect of inlet-nir temperature on the knock-limited
performance of the internal coolants discussed previously is
also reported in reference 10. A summary of these data
(table X-2) shows that the addition of water reduced the
temperature sensitivity of AN-F-28 fuel. The other cool-
ants appeared to increase the sensitivity at lean fuel-air
ratios but decreased the sensitivity at rich fuel-air ratios.

Perhaps the most impressive example of the advantages
found for the internal coolants evaluated in reference 10 is
the knock-limited performance of monomethylamine-water
mixture at an inlet-air temperature of 150° F. This par-
ticular internal coolant, when added to AN-F-28 fuel, al-
lowed a knock-limited power of 1.96 horsepower per cubic
inch of cylinder displacement (imep of 620 lb/sq in.) at a
fuel-air ratio of 0.049. The corresponding indicated specifie
fuel and liquid consumptions were 0.37 and 0.55 pound per
horsepower-hour, respectively.

The investigations reported in reference 10 were conducted
in an engine installation in which the range of operation was
limited to a fuel flow of 30 pounds per hour and an inlet-air
pressure of 150 inches of mercury absolute. Because of the
continued interest in monomethylamine and dimethylemine
as internal coolants, the installation was later revised to
extend the range of operation to a fuel flow of 80 pounds per
hour and an inlet-air pressure of 225 inches of mercury
absolute. Following these revisions the tests with mono-
methylamine and dimethylamine were resumed; however,
two engine cylinders were cracked when the knock-limited
performance with the internal coolants reached a level of 700

TABLE X-2—EFFECT OF INLET-AIR TEMPERATURE ON
ENOCE-LIMITED ENGINE PERFORMANCE OF AN-F-28
FUELTUSEDIN CONJUNCTION WITHINTERNALCOOLAXNTS

[CFR engine; compression mtm, 7.0; engine speed, 2500 rpm, inlet-coolent temperature,
2 F;spark sdvance, 30° B. T.C.]

I T i

i Imep at Inlet-alr temperature of 130° F
i Imep at Inlet-air tempersture of 250° F [
Internal eoolant (0.5 Ib/Ab fuel}
Fuel-alr ratlo
' 0.0 0.06 I o.os | o.09
NODe . oo ce e cmmecaan L24 | L8 [ L32 .20
Water. - c——a- e L2 L11 Lo
Mer.hyl gleohol and wuter (70:3) by vol-
.................................... 1.48 LS57 1.23 1.13
\Iummethylamlne and water (3268 by L
Dimethylamine and water (2655+ by .
weighs). [ L4i2 L .7 S S -

» Afterfirlng encountered at inlet-alr temperature of 150° F.
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TABLE X-3.—KNOCK-LIMITED RELATIVE POWERS RE-
SULTING FROM THE USE OF INTERNAL COOLANTS
WITH AN-F-28 (AMENDMENT 2} FUEL

[OFR engine; compression ratl, 7.0; engine speed. 2500 rpm; inlet-air temperature, 250° F;
coolant tempemture, 250° F; spark sdvnnce, 0°*B.T.CJ

Imep (fueld-internal eoolant)
Welght of Imep (foel alone)
coolant 3
Internal coolant pegr;;gg.{:d Fuelaf ratio »
(b}

| 0.05 | 0.06 | 0.07 [ 0.08 | 0.09 | 0.10
Nome. oo eeana} e 1.00 j 1.00 | 1.00 [ L.0O | 1.00 | 1.00
Water .. . 25 - 1.25 | 1.21 j 1.21 | 1.16 | L.O8
.50 .- | L48[I.48 | L.37 | 1.4 | L13
Monomethylamine and water 6.25 L8 48[ 166}1.75}1.50 | 1.e0
(32:68 by weight) .80 222216218217 | 214 | 218
Dlmethylam.[neandwatet (213 0.25 L72 | 1.42| 1.51 | 1.50 | L.57 | 1.56
by welght) .50 1.6211.61 | 202! 216 ( 2.2¢ | 2233
| .79 1.89 | 1.97 | 260 | 283 | 3.32| ..

7

= Any contribution of the amines to the energy of combastion was entirely neglected In
computing fuel lows.

pounds per square inch. In order to resume the investiga-
tion, & specially designed CFR cylinder was obtained to
permit studies at the exceptionally high powers attained with
monomethylamine and dimethylamine. The investigation
was again resumed and virtually completed before the next
engine failure occurred.

In the extended study of the two internal coolants (refer-
ence 11) tests were conducted over a wider range of fuel-air
ratio and at higher ratios of coolant to fuel. The results
are summerized in table X-3. It is seen in this table that
the amines are considerably better then water as internal
coolants. Of the two amines examined, monomethylamine
is superior to dimethylamine at coolant-fuel ratios of 0.25;
however, at a coolant-fuel ratio of 0.50, monomethylamine is
better than dimethylamine at lean fuel-gir ratios but slightly
poorer at rich fuel-air ratios. It is of inferest to note that
the injection of 0.75 pound of dimethylamine-water solution
per pound of fuel permitted the attainment of a knock-limited
indicated mean effective pressure of 967 pounds per sguare
inch, corresponding to 3.05 indicated horsepower per cubic-
inch displacement, at a fuel-air ratio of 0.092. Failure of a
cylinder stud terminated the tests at this point; however,
after an overhaul the tests were again resumed and the
cylinder wall failed at an indicated mean effective pressure of
895 pounds persquare inch during a test with dimethylamine~
water solution at a coolant-fuel ratio of 0.75.

During the investigation reported in reference 11 a run
was made to determine the influence of exhaust back pressure
on the knock-limited performance when dimethylamine-water
solution was used as an internal coolant. The results indi-

cated that increases in exhaust back pressure had little or

no effect on the performance at fuel-air ratios leaner than
0.095. At richer fuel-air ratios serious decresses in power
output were encountered and engine operation was quite
rough.

An examination of the data in reference 11 indicated that
for certain power levels in the rich-mixfure range the follow-
ing combinations of internal coolants resulted in the lowest
indicated specific liquid consumptions:
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C onding

Imep range minjmum Internel coolant mn%l

(ib/sq in. 1slo range fuel ratio
(lb/hp-hr) .

Below 220 _._| 0.44 to 0.58....| None....._ RN VDN IR -
220 to 870.—..] 0.58 to 0.63.. .. Monomeﬁhxlamine solution. .. ..o 0.25
370 to 440 ... f3 to 0.71.__.| Dimethylamine solution._._. N
to 960, 0.71 to 1.10....| Dimethylamine solutlon.. . ooceeooo-.. .75

The success of aliphatic amines as internal coolants,
reported in references 10 and 11, led to further studies with
other amines reported in reference. 12. The additional
amines evaluated were ethylenediamine, diethylamine, tri-
ethylamine, and butylamine. The results of the investiga-
tion (reference 12) are summarized in table X—4. . .

It is apparent in table X—4 that of all the amines tesbed
monomethylamine and dimethylamine still offer the greatest
possibilities as internal coolants, although ethylenediamine
does permit higher knock-free power at lean fuel-air ratios.

In the investigation (reference 12) an effort was made to
reach the highest possible kmock-limited indicated mean
effective pressure with dimethylamine. At a fuel-air ratio
of 0.093 and a coolant-fuel ratio of 0.75, a knock-limited
indicated mean effective pressure of 1024 pounds per square
inch was attained. No engine failure occurred but this
test was limited by the available intake-air supply.

TABLE X-4—RELATIVE KNOCK-LIMITED POWERS RE-
SULTING FROM USE QF INTERNAL-COOLANT ADDITIVES
IN WATER AT COOLANT-FUEL RATIO OF 0.50

[CFR e; fuel AN-F-28, Amendment-2; compression ratlo, 7.0; engine speed, 2500 rpm;
{nlet-a tempemture. 250° F; aperk advance, 30° B. T. C.; jackel: temperature, 250°
Imep (fuel+water+additive)
Additive Imep (fuel{-water alone)
I ; : n caolant
ternal-coolant additive (sgg(t'tlgl:z Fuel-alr ratio »
by welght) -

0.06 0.06 { 0.07 | 0.03 1 0.02] 010
Ome. oo Q 1.00 | L0¢ ! L.00{ 1.00{ .00 | LoO
Monomethylamine ......... .- 32 1,64 | 1,32 ) 1.32 | 1.42 | 1.01 | 2.42
Dlmethy]a.mine...__....l_,...’ ..... 2% 154 [ 1.41}1.46 ] 1.82 | 2.08 | 258
Et.hylenedlam[ne ............... 2% 1,81 | 1.61 ] L8| 1.44 | L45 | 142
Diethylamine...\ ... o........: 25 1,000,880} 0,77 § 0.92 | 0.96 | LO7
Triethylamine...... e eean 25 |- 0.2 0.71)0.80 | 0.84 ) 0.83
Butylamine...._ L A - 1.02 0.8} 0,90 ] 0.63 | 0.03 | 0.90

»The amines were not considered as fuels and their heats of combustion were neglected in
computing the fuel- ah- ratios.

In a later investigation (reference 13) the following com-
pounds were evaluated as internal coolants; however, none
were found to be as effective as monomethylamme di-
methylamine, and ethylenedlammo

Alkyl amines: .
Isopropylamine
Isobutylamine
tert-Butylamine
Monoamylamine

Alkanolamines:

Ethanolamine
Diethanolamine -
2-Amino-2-methyl-1-propanol

;Amldes
Formamide

. 4
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= Amides—Continued

7. ' N-Ethylformamide
N-Ethylacetamide
N-Ethylpropionamide

T, - N-N-Dimethylformamide

N,N -Diethylacetamide
Heterocyclic compounds:
2,2-Dimethylethylenimine
Morpholine
Pyridine
2-Methylpyridine
3-Methylpyridine
4-Methylpyridine
2,6-Dimethylpyridine
2-Vinylpyridine

Lewis Friear PropuLsioON LABORATORY,

10.

11.

12.

13.

. Pinkel, Ben]amm, and Ellerbrock, Herman H., Jr.:

. Rothrock, Addison M.:

NaTionaL ApvisorY COMMITTEE FOR AERONAUTICS,
CreveLAND, O=nI0, May 15, 1951.

REFERENCES

Correlation of
Cooling Dsta from an Air-Cooled Cylinder and Several Multi-
cylinder Engines. NACA Rep. 683, 1940.

. Rothrock, Addison M., Krsek, Alois, Jr., and Jones, Anthony W.:

The Induction of Water to the Inlet Air as a Means of Internal
Cooling in Aircraft-Engine Cylinders. NACA Rep. 756, 1943.
(Formerly NACA ARR, Aug. 1942.)

. Wear, Jerrold D., Held, Louia F., and Slough, James W.: Some

Effects of Internal Coslants on Knock Limited and Temperature-
Limited Power as Determined in & Single-Cylinder Alrcrs.fb
Test Engine. NACA ARR E4H31, 1944,

. Harries, Myron L., Nelson, R. Lee, a.nd Berguson, Ioward E.:

Effect of Water Injecuon on the Knoek-Limited Performanco
of an Allison V-1710-9¢ Engine. NACA MR, Army Air Forces,
Sept. 9, 1044. '

. Engelman, Helmuth W., and White, H. Jack: Use of Water Injce-

tion to Decrease Gasoline Consumption in an Aireraft Engino
Cruising 2t High Power. NACA RB E4112, 1944,

. Biermann, Arnold E., Miller, George R., and Henneberry, Hugh

M.: Economy of Internally Cooling Only the Overheated
Cylinders of Aireraft Engines. NACA MR E5Gl4, Army Air
Forces, July 14, 1945, ’

. Pfender, John F., Dudugjian, Carl, and Lictzke, A. F.: Effcct of

Engme—Opera.tmg Variables and Internal Coolants on Spark-
Advance Requirements of an Allison V-1710 Cylinder. NACA
MR E5E18, Army Air Forces, May 18, 1045.

. Rothrock, Addison M.: Use of Internal Coc¢lant as & Mcans of

Permitting Increase in Engine Take-Off Power. NACA RB

4A25, 1044.

Calculations of Intake-Air Cooling Re-
sulting from Water Injection and of Water Reccovery from
Exhaust Gas. NACA RB E4H26, 1044.

Bellman, Donald R., and Evvard, John C.: Knock-Limjted Per-
formance of Several Internal Coolants. NACA Rep. 812, 1045,
(Formerly NACA ACR £B08.)

Bellman, Donald R., Moeckel, W. E., and Evvard, John C.:
Knock-Limited Power QOutputs from a CFR Engine Using
Internal Coolants. I—>Monomethylamine and Dimethylamine.
NACA ARR E4L21, 1044,

Bellman, Donald R., Moeckel, W. E., and Evvard, John C.:
Knock-Limited Power Oufputs from a CTIFR Engine Ueing
Internal Coolants, II—Six Aliphatic Amincs. NACA ACR
E5H31, 1945.

Imming, Harry S., and Bellman, Donald R.: Knock-Limited Power
Outputs from a CFR Engine Using Internal Coolants. IIT—
Four Alkyl Amines, Three Alkanolamines, Six Amides, and
Eight Hetereyclic Compounds. NACA RM EGLQ6a, 1947,



APPENDIX A

ADDITIONAL DATA ON PERFORMANCE OF VARIOUS FUELS

AND 12.5 PERCENT #-HEPTAXNE »

(a) Paraffins and olefins.

TABLE A-1.—A. 8. T. M. AVIATION AXD A. S. T. M. STPERCHARGE PERFORMANCE NUMBERS OF LEADED AXD UNLEADED
BLENDS WITH ISOOCTANE AND WITH MIXED BASE FUEL COXNSISTING OF 87.5 PERCENT (BY VOLUME) ISOOCTAXNE

; Performance number
13
! 4. 8. T. M, Supercharge metbod
: 4. 8. T. M. Aviation method (FlA01D)
t
Paraffins and olefins [ Farmula Unleaded 4m] TELgal 4 ml TELfeml
1 Volume percent %"hm in blend with Volume percent paraffin or olefin fn blend with mixed base fuelb
‘ 10 20 10 20 10 25 50 10 25 5)
Paraffins
2-Methylbutene ¢ .. o | CoHit | comoien | e | riimein | e b i 128 JR— s 12t 130
2,2-Dimethylbutane €. ... oo f o= T R S S - 128 | aeeoee 117 122 129
2,3-Dimethylbutane ¢ . ocn oo I T o SR (SIS [ [ —— 128 | cee- 117 130 147
2,2,5-Trimethylbutane «.____._._______._.__ C:Hia 101 104 131 151 124 135 142 12T 145 200
2,3-Dimethylpentane. . ..._.____....___...|  § aecma- 8 | ceem- 145 | e R 1T R [, nsd | e
2,2,3-Trimethylpentane =... CoHis | ccmemoe | oot | mmmem | mmeaee 130 128 141 174
2,8,3-Trimethylpentane . __._____.__......] | comemas | aeooeoen 124 127 138 166
2,3,4-Trimethylpentane ¢ - 122 18 132 147
2,2,3,3-Tetramethylpentane e ______________ CyHan R 8 | ceoo. 107 | ceooaas 127 156 >20
2,2,3,4-Tetramethylpentane. . 96 145 138 118 111 123 141 175
2,2,4 4-Tetramethylpentsne s __._....__..... | cooocion § mmmmmcon b mmaian ) cmmaae | el ¢ S 111 110 108
2,3,8,4-Tetramethylpentane .. - 3 ] 137 181 117 110 106 125 143 102
2 4-Dimethyi-3-ethy. pentane. ... __ | ] - 86 | - 40 | e DU L. S [ S 127 | e -
Oleflns
2,3-Dimethyl-2-pentene. . oo coooocoaooaaaee ; C:Huy | oo b2 — 108 | el Ui, ) R SR S —— 17 [R——
2,3,4-Trimethyl-2-pentene. . . CyHu 80 s 127 101 7 112 104 7
2 4,4-Tnmethyl -1-pentene *. 105 181 148 158
24,4 Trimethyl-2-pentene .. . ooceeeceaacef | cmiicee | emmmpee | emeeeee 108 116 119 108
3,4,4-Trimethy} 2-pentene. 9% 92 183 108 18 108 9
(b) Aromatics.
I . Performance number
A. 8T, M. Supercharge method
A 8. T, M. Aviation method (FlAea1t)
Aromatie | Formula Unleaded 4 ml TEL/gal 4 ml TEL/gal
Volume percent aromatle in blend with f{scoctane Yolume percent aromatie In blend with mixed base fuel b
10 20 | 10 2 10 25 50 T 25 50
C¢Ha 296 l 92 ‘ ................ 12t 116 9746 140 176
CrHi | coommee T S 139 12 17 113 12 | >0
CsHiu 8 | - 138 120 119 155 >260
86 138 118 s 105 101 112
8 180 | e 125 123 168
o0 125 122 164
ﬂ-Pmpylbenzene ___________________________ CeHua 8 | 146 | e 126 122 152
lﬁoﬂg benzene. ... _..._..__...o b | 88 | cdmmman | el | e 122 122 188
1yl 2-ethylbenmne_. 86 124 | . 107 124
I-Methyl-a-ethyl 06 142 124 168
1-4-eth lbenzene - N O S, 120 160
I 2,3 -T thyibenze, 83 115 105 104
1,2,4— rimethylbenzene_ -3 121 101 113
1,3,5Trimethylbenzene . ooooooeccecrccceee] b il | aeeeeae | 180 | el 127 168
w-Butylbenzene ... ___ ... CuHi 8 | e | maeas 118 135
Isobutylbenzene. < T S 119 144
gec-Butylbenzene. - - 93 146 138 122 147
tert-Butylbenzene. . o oo b 9 151 142 127 162
l—MethyH-lsapmpylbenzene ________ I | I — 123 158
1,2-Diethylbenzene ___.____ - - S ——— 126 107 28 | .
I,S-Dxethylbenzene [ — 92 145 | —ceemao- 128 165 26
1,4-Diethylbenzene. .. ... - 84 | .- 136 119 168 | e
1,3-Dimethyl-5-ethylbenzene ... ... ! 95 H—— 140 124 b i N S
1-Methyl-8-fert-butylbenzene CuHw ] 141 125 160
1-Methyl-4-feri-butylbenzene '} 142 124 176
1-Methyl-3,6~dleth¥lbenzene 05 140 126 171
1,8,5-Triethylbenzene ... ooooooeoeoooemoe. CeHu - N . | 0 | o [ 122 170
» Performance numbers greater than 161 were determined as follows:
performance nomber=161 fmep of blend
imep of [sooctane6 ml TEL/gal

8. T. M. Aviation and A. S. T. M. Supercharge performance numbers of mixed base fuel, 120 angd 112, respectively.
. 8. T. M. Supercbarge data for compound determined at an industrial laboratory; A. 8. T. M. Aviation data determined at NACA Lewls laboratory.
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TABLE A-1.—A. 8. T. M. AVIATION AND A, 8. T. M. SUPERCHARGE PERFORM ANCE NUMBERS OF LEADED AND UVLEADFD
BLENDS WITH ISOOCTANE AND WITH MIXED BASE FUEL COXNSISTING OF 87.5 PERCENT (BY VOLUME) ISOOCTANE
AND 12,5 PERCENT n-HEPTANE *»—Concluded

(¢} Ethers.
e Performance number
0]
A.8.T. M. Avistlon method A. 8. T. M. Bunercharge method
Ether Formula Unleaded 4ml TEL/gal 4 m] TEL/gal
_. | Volume percent aromstics In blend with fsooctane Volume percent ether In blend with mixed base fuel ¥
10 20 10 20 10 25 50 10 2 &0

y Methyl {eré-butylether. .. ______ CsHuO 143
+ Ethyl tert-butylether. .. ... ceeee| * CeHUO 144

Isopropyl tert-butylether. .. .. ___.______ CrHuO 148

Methyl &Mnyl ether (anisole)... —— CTExgo 107
. Ethyl 1ether (phenetole). .- oo .. C1HuO 11

Met y Pt ngl ether (p-methylanisole). ... CdHuo ne

m-M {tm - CsH1O 110

o-Met.hy isole. . -} . CsH1ieQ 82
! pert-Butylanisole. .. CuHuO 110
' n-Propy] phenyl ether H120 110

Isopropyl phenyl ether. CsH;sO 110
l teré-Butyl phenyl ether ..... Ci1oHuO 107
H Methyl ylether.: . ... 1! 104
. Isopro?yl benz letber ................. CrHLO 110

Phenyl methallyl ether. _.___. CiH1Q 48

Methyl methan{I [214:7:) N, C:H. a3

Isopropyl methallyl ether. C:H;0 106
. tert-Butyl methallyl ether. CegH1Q 106

Dimethaliyl ether....... +H1:0 77

Methyl cyclopropyl ether. CHsO - 78

Methyl cyclo og:ntyl ether. - CeHnQ 80

Methyl cyclohexyl ether. . CrHuO 68

Propylene oxide. . e .. CsHO 100
§ ol P PR -

s Performance numbers greater than 161 were determined as follows:

imep of blend
Isaoctane+e m] TELI

performance numbers=161 o

b A, B, T. M, Aviation and A. 8. T. M. Supercharge performance numbers of mixed base fuel, 120 and 112, respectively

o Approximate value,

TABLE A-2.—A. 8. T. M. SUPERCHARGE KNOCK-LIMITED INDICATED MEAN EFFECTIVE PRESSURE RATIOS OF BLENDS
WITH MIXED BASE FUEL CO\TSISTING OF 87.5 PERCENT (BY. VDLU\IE) ISOOCTANE AND 12,5 PE RCENT »n-HEPTANLE4- 4

ML TEL PER GALLON

|Btandard aondlt[ons]

(a) Paraflins and olefins,

Paraffins and olefins | Formuwa

" ’ '__ - Imep ratIo D

~ Volume percent added paramn or olenn in blend wuh mixed base fuel

10 25 50

‘ . "_’ " Fuclair ratlo

: 0.085 | 0.07 | 0.085 [ 010 | 0.1t | 0.085 | 007 | oo0s5] 010 | 011 [ 0.005 | a.07 | 0.085 [ 0.10 | 011
Paraffins
2,2,8-Trimethylbutane ... .- veenooeee-. ! cHy | Loz | vos | nos | voe | Ly | 212! vm |12 | L2 | 1so | 4 | 1e1 | res | nws | L
2,3 Dimethylpentane. e [ U S T .96 .96 8| 100 ;L0 | s ] e | e | e | e
2,2,3,3-Tetramethylpentane. ..o oo ooeeee—t  CeHE | oo | cooe | coee- imee | ceee | 0.83 [ 0.88 | L08 | L3L | 180 | .ee | coe | mmon | oeeee | e
223, 4 Tetrumethylpentdno. ... 090 | 0.8 | ioa | 1.08 | I'i6 | .85 | .88 | Lo5 [ 119 | 1.24 | 080 | €75 | 088 | 148 | 1'%
2.3,8,4-Tetramethylpentane. .. . 95 | .o4 | Loz | Loe | 11| 87! s Lo | rm | Las | 7| i | 108 | 130 | L7
2,¢Dimethyl-g-ethylpentane. .. ... e | e | o S| D mes pories | Tor | Moo | Te | | I o | 2 S
{ Olefins
2,3-Dimethyl-2-pentene.. .. ._......._.. l . CrHu ——- — — ——- ——- 0.75 0.79 13 0.85 L02 —— t [ —— J—— —
2,3,4-Trimethyl-2-pentene. . . ...o.omo—_ | CeHuw | 0.8¢ | 08 | 092 | 100 | 100 | ce9 | 0.67 | 0 ase | O 050 | 050 | a4 [ 058 | oe7
3,4,4-Trimethyl-2-pentene................ er | .sr | 100 | Loz | vos i .75 .73 | e | .er | .er | Les ! me | s | 7| a4t
p— o PR . - .. - = . _— - — 1

knock-limifed imep of blend with 4 ml TEL/gal ) . _ _

« Imep ratio

knock-limited imep of mixed base fuel with 4 m] TEL/gnl’
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TABLE A-2—A. S. T. M. SUPERCHARGE KNOCE-LIMITED INDICATED MEAN EFFECTIVE PRESSURE RATIOS OF BLENDS | _
WITH MIXED BASE FUEL COXSISTING OF 87.5 PERCENT (BY VOLUME) ISOOCTANE AXD 12.5 PERCENT n-HEPTANE -4 T
ML TEL PER GALLON—Concluded F e

[Standard conditions]
(b} Aromaties. i
Imep ratfo * -
Volume percent aromatic in blend with mixed base fuel
Aromatic Farmula 10 26 50 - =
Fuael-air ratio -
0.065 0.07 0.085 0.10 0.I1 C. 085 i 0.07 | 0. 085 i o.10 0.11 E 0.085 ‘ 0.7 l 0.085-{ 010 0.11
Benzene. oo mamaee CeHs 1.08 Lo 1.04 1.05 1.07 1.08 1.10 L12 1.15 119 l 0.5 [ 3t 1.28 1.39 1.51
Methylbenzene ... C:Hs 1Ol | 1.05 | 108 | 1.10 |*1.13 | 1.00 | Lot | L18 | 20 | L& | 084 | 009 | L2 | 243 | ... '__
T T —— CsHw | 106 | LO7 | LIL | L12 j 1.14 | Loz | nos | 121 | L 13r | oeo | Lov | 1et | LT | T
imethylbenzene. _ .95 .94 .05 .82 .01 .78 .80 . .9l 9N .68 Rt .87 . 100
1 3—Dlmethylbenzene_- .03 1.02 1.12 1.15 1.16 .82 . 1.33 1.45 L51 .80 .92 L72 2.38 270 -
1 -i-DLmet‘.hy]benzene ________ - 1.04 .07 .10 1.10 1.11 L0 1.08 1I.2B 1.39 L&0 . L03 1.57 28 | - )
ﬂ-Pmpylhemene.. CeHre 0.8¢ 0.99 1.08 L10 Ln 0.84 .08 1.24 1.30 1.38 0.73 0.78 L.18 1.87 1.88 )
l?‘rgﬁ! ylbenzene_. L14 1.13 112 LIL 1.12 1.05 1.07 114 1.23 1.30 102 L4 1.02 2.58 h
¥1-2-ethylben: - —- _—— —_— - . .0 10 1.08 108 —— —— R . ——
l—Methyl-s-ethylbenzene —— - — — e LI 1.14 | L28 L40 1.47 —— — I —-- ——
1-Meth: l-{-ethflbenzene 101 104 L1 1.15 1.15 .98 L0l L2 1.34 1.43 . . L2 1.51 L83
1,2,3-Trimethylbenzene. _ ——- J— J— p——a — .82 .85 .80 .93 .84 P ——— J— ———- ——— Fa
1,2,4-Trimethylbenzene. . .92 . . . . .81 .86 1.02 1.08 1.02 .81 . L4 L2 L34
1.3.5-Trimethylbenzene ................... 1.09 1.10 .13 1.16 1.18 .84 .85 1.26 1.39 L.49 Lo2 L4 L6l 2.88 ——
n-Butylbenzene CiHu 0.85 L00 Lo4 1,07 1.03 [1%:73 0.96 112 116 1.18 0.77 0.91 1.28 184 1.42
. .95 1.04 L08 109 LIl .81 .87 1.20 125 1.30 . 1.02 1.28 1.44 1.58
sec-Butylbenzene. Lol .89 L03 LO7 L9 1.03 L01 114 1.25 1.3 N:re LI7 1.43 L63
teri-Butylbenzene. 1.06 1.08 L10 Li4 L15 1.12 LT L31 1.42 147 1.068 1.13 1.46 2.8 2.58
1-Methyl-4-isopropylbenzene - Lo 106 L1z 1.13 1.15 .91 1.03 1.23 134 .48 ] K. L35 1.8¢ 203
1,2-Diethylbenzene . ___._____ . . R ——- R .8 .86 1.01 Lo o — I J— —- ——
I,&-Dlethylbenzeue ............ L.04 1.09 1.18 1.18 1.19 08 1.07 1.28 1.42 L&l L23 L81 2.09
1,4-Dief 5; ........ —_—— —_——— - ——a - 1.10 1.13 1.22 1.34 L 45 ——— ——— ———
I.S-Dlme yl-5-ethylbenzene —— —— —— —— —_—— LOo7 .11 1.28 L4 1.49 ——— —— ——
1-Methyl-3Lertbutylbenzene. - ooo-eoe| CuHu | —ooc | cco | coew | —eo | == [ L10 | L15 | 128 | 140 | L42 R U ;
1-Methyl-4-fert-butylbenzene. ... . ——- _—- — ——- - L1l 1.14 1.28 1.43 1.58 —— ——
1-Methyl-3, 5-diethylbenzene . ____.... —_— —- - —— ——- 1.10 L15 1.27 1.39 1.50 ——— ————
L T —— Cubis | -- [ ] U R R N TN IET2 IERTI I T S R e Tl e
(c) Ethers.
f o T
Imep ratio =
R Volume percent etber In blend with mixed base fuel
Ether Formula 10 25 50 .
- e
Fuel-air ratio
n F ~— —
0.065 | 0.07 0.085 .10 o1 0.065 | 0.07 0.085 | 0.1¢ ; 011 i 0. 055 : iYirg 0.085 0.10 G111 -
Methyl fert-butylether ..o C:HuO vir | vis | oo | nas oo | 130 [ nae | oo | 222 | nw | nss [ 208 | 28 [
Ethy ethe r._._ .| CeH1u0 L14 L1I6 LIT L37 L15 1.26 1.84 1.3% 1.9v 1.25 1.48 1.56 L70
D¥] fert- lether. . __ C-HuO 109 L10 L1l 1.84 1.26 L24 1.29 1.33 256 1.45 1.45 1.53 1.66
7\vIetI'1.y’il§:E nyl et r(anbole).._ ....... C:HsO 1.03 Lo7 L.10 .87 T2 .86 1.13 L25 .80 .63 .ab .92 1.22
Eth, ? nyl ether (phenetale) .ooo....—- CiHu© 1.05 L1 Li12 .59 .81 1.05 L2 L& .95 65 .64 .86 La
iy p-l:olyl ether (p—methylanbole) -} CiHuQ 1.05 L13 L16 .81 .74 .08 1.15 129 H .65 .56 .98 1.19
{ﬂn ________________ C1HuO — —— —— .67 .90 1.07 .2 L8l ——— ———— —— —— —
a—lfethy Isole-_ —- — ——— .80 .52 .87 .75 .85 —- — —— ———— ——
pert-Butylanisole.. CyHuO O J— ———- .95 .91 . 1.10 1.32 ——— ——— ——— —— _——
n-Propyl phenly ethe CsH,:0 R — — L08 1.00 1.17 L27 135 . ———- — —— —-
Isopropyl phenyl ethe; CeH 10 - ———— .99 .90 1.05 1.28 1.35 —_— ———- ——- ——- -
tert-Butyl phenyl ether. CroHjy J— - J— — ———— .81 .02 1.08 .21 ——-- ———- ——- —— ———
Methyl benzyl ether... fHuO - —- — — —- .83 .89 .95 .66 .99 —- ——— ——— [ ——
ISDDIOY 1ether CreHuO R ——- - —- - .95 .98 L10 1.20 1.24 o — e [ ———
thaliyl ether .. aaaa- CrpH:0 P ——— R —— ——- .48 44 .38 .45 .54 —— —- J— —_— ———
lfethyl methallylether .. ... CaH:OQ S R N R -84 -84 .79 .81 18-~ I N S S e T
Isopropyl methallyl ether._ .. C:HuO —_—- R ——— ———- ——- .7 71 .85 - .82 — ———
tert-Butyl methallyl ether_ u J— — i —— — .68 .8L .80 87 ——- ——-
ether...____.. CsHuO —— —— ———— — —— .64 .58 . ) .81 —— —--
Methyl cyclopropyl ether. C1HsO —— - —— R P .6 .57 .72 . — —--
Methyl cycloﬁgntflet r. CdHuO - ———- —- —— — a7 .61 .69 .78 .78 —— ——
Mothyl cyelo ether.. - C:;HuO — ——— ——- —- a—— .63 .6l -| .67 0 ——— ———
Propylene oxIde ......................... CaHiO ——— ——- ——- —— ——- 94 87 1.01 L 1.15 L ey [ -
+ Imep ratio ¥mock-limited imep of blend with 4 ml TEL/gal

knock-Jlimited imep of mixed base fuel with 4 m]1 TEL/gal
» Approximate value. J—
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TABLE A-8—17.6 ENGINE KNOCK-LIMITED INDICATED MEAN EFFECTIVE PRESSURE RATIOS OF UNLEADED
BLENDS WITH ISOOCTANE

[Compression retlo, 7.0; engine speed, 1800 rpm; coolant terqpemtur‘e.-zlz" F; spark advance, 30° B. T. C.]
(a) Paraffing and ofefing.

" ” - -- == -
” - : ' Imep ratio »
B - Inlet-air temperature, 250° F Inlet-air temperature, 100° F
Volume ﬁereent uafded pareffin or olefin in blend with Isooctane
Paruffins and olefins Formula = — =
10 _ 25 &0
e .
Fuel-air ratio
0.065 ( 0.07 { 0.085 | Q.10 0.11 { 0.0685 | 0.07 | 0.085 0.10 011 0.065 | 0.07 | 0.085 | 0.10 0.11
, ! Taee T o ) _
2,2,3-Trimethylbutane CrHEu | Lo2 | 102 | nos | oo | 110 | Lo8 | 107 | roo | 117 | 120 | Lie | L1 | rar | rLeo | 120
2,3-Dimethylpentane.._. e | e U I 85 .06 .94 4 .04 N K:-3 .95 8¢ .93
2,2,3,3-Tetramethylpentane. CiHzn I R — J— L2 L14 L20 | 1.32 L3l 1.23 122 137 1.%7 L27
2,2,3,4-Tetramethylpentane. 0.08 0.96 Lol 1.11 113 .91 91 100 | 1.15 1.22 1.09 1.10 L15 1.21 L22
2,4,3 4-Tetramet%glpentnn&. . . 97T |, .98 1.03 106 113 .95 .96 Lo7 1.18 1.27 117 1.19 L22 1.27 1.27
2,¢Dimethyl-dethylpentane. " ITI | LD P D | ZD P I I lee | roo | Loo | Lol f roo | 1os | voz | roz | Los | .o
! Olefins
2,3-Dimethyl-2-pénten. .. . ...___ccoeo- OHu | e | oo f e ] o] o {09 000 | not [ Loo | 235 | L1 | n12 | 1w | 128
2,3,4-Trimethy)-2-pentene. __.._____ .. © ChHyu 0.90 0. 90 0.89 0.91 .96 0.79 0.78 0.78 0.82 0.89 0.95 (K] 0.06 .90 L
3,4,4-Trimethyl-2-pentene ________________ . .98 .98 .50 1.00 1.05 .83 W .94 .98 1,08 1.05 104 | 108 1,16
(b} Aromatfcs.
! Imep ratlo »
Inlet-sir temperature, 250° F . Inlet-air temperature, 100° F
. . Volume percent aromatic in blend with isooctane
Aromatie Farmula == = =
10 25 50
= Fuel-air ratlo
- 0.065 | 0.07 0.085 | 0.10 QI1 0.005 | 0.07 0.085 | 0.10 o1 0.0856 | 0.07 0.085 | 0.10 on
BeDZene. e oo coec e emcmme e CsH, 1.00 Lol 1.02 1.03 L04 1.00 Lol 1.02 L10 L17 108 1.06 1.08 L12 1.18
Methylbenzene. oo cooora e CrHa Lo 102 105 L08 L11 104} 1.02 111 L2 1.26 1.05 LoT 118 1.21 LM
Ethylbenzer CiHno .02 1 02| 104 L1l 118 1.02 1.00 1.07 121 1,31 LI L21 1.28 135 138
1,2-Dimethy 95 | .86 | .08 | a7 | Loo | (60 | s | s | e o | e8| 100 | ve2 | Los
1,3-Dimethy! 87 .08 1.08 Lo7 Lo08 .98 .94 1.08 L4 1.18 L14 11§ 122 1.35 L40
1,4-Dimethylbenzene, Lol Lar 110 Li2 L4 104 1.04 1.18 128 1.38 L16 120 129 LM L40
1-PropylDOnLens. - oo o coeeoeeeeeoeaee CeHu | 090 [ 0.09 ) 100 | L0 | 216 | o090 | o9 | Lo2 | 1.15 | 228 | L14 | 114 | 119 | L3o | 132
Isopropylbenzene... ... La 1.00 109 1.14 L16 L0 .98 107 12 1.29 L1§ 120 L29 1.32 134
l-]&fghyl-%thy..benwne- - [ [ ———— —— ———— —— L LoL 103 Lo7 110 L03 Lo4 109 108 L10
1-Methyl-3-ethyl . — ——- J— R _— 111 L1 121 L20 1338 L28 1.3l 1.3¢ 1.41 1.43
1-Meth: l-4-eth? benzene L00 L00. | 1.05 L08 1,09 L00 100 ! L1 L14 L18 1.01 103 111 117 L21
1,2,3-’1‘1¥Inethy_beni.ene. ——— e | meae [ . .07 .97 B3 100 L2 1.04 L03 108 Lo7 1.09
1,2,4-Trimethyibenzene 01 -y | 1o 87 | .88 .01 .96 ] 1os | (o6 [ o5 | oz [ 1ov | 110
1,3,6-Trimethylbenzene - .98 103 L1s 1. 9 .96 108 L27 1,42 1.15 1,16 L3l 1.48 1.51
n-Butylbenzene. ... CiHu .o 0.98 Q.97 0.98 Lo2 0.9 [ R 0.96 0.09 104 Lo4 1.05 108 1.10 1.08
Isobutylbenzens. . .88 .08 .90 1.02 LO7 97 M .08 L03 L11 L10 111 L5 1.18 1.20
sec-Butylbenzene. .98 L00 106 108 L10 .98 .00 Lo8 L 16 1.26 L4 112 L19 1.23 1.23
tert-But{lbenzene ......... .88 100 106 112 L19 .98 95 108 L1% La7 124 1.23 1L.32 1.41 1.43
l-Met.hg' -4-isopropylbenzene. ... ... .98 99 | L04 LO7 112 ] .86 L02 L10 1.20 L14 114 L2) 1,33 L&7
1,2-Diethylbenzene .. ... | ... e ———— R J— 1.03 101 L03 Lo8 L1 1.04 L 06 Ln 1.11 .12
1,3-Diethylbenzene. 1.01 Lol 1.05 Li2 L19 L 06 1.04 L 1.24 138 L27 L27 139 L48 1. 42
1,4—Dieth€(1benxene ........ _— —— ——— ——— —— ——— L1 1.12 L2 1.34 1.41 1.32 1..33 1.41 144 1,41
1,3-Dimethyl-5-ethylbenzene. ... — R I, . J— L10 1.07 117 L24 120 LM 1.26 131 L3s 132
1-Methyl-3-teri-butyibenzene CuHie J— —— ——— —— R L6 L16 126 1,36 1.37 1.30 L3 1.3 1.3 138
1-Methyl-4-fert-butylbenzene_ _____.___...] | ... —— ——— - —— L12 114 1.22 L3l L37 1.3l 1.32 137 140 1.38
1-Methyl-3,5-dfethylbenzene ... _..... i - ——— ——- ——— ——— aeee . L10 L1 1.23 136 1.4 130 1.36 1.48 L&l 181
1,3,5-Triethylbenzene. o cmmocccomocaeooas .C1aHis ——— -..-'. e} ___.-_' ——— .09 Lo9 L19 L31 1._42 135 1.37 1.48 L5 1.48
» Tmep ratio knock-limited imep of blend

knock-limited imep of lsooctunc
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TABLE A-3—17.6 ENGINE ENOCK-LIMITED INDICATED MEAXN EFFECTIVE PRESSTURE RATIOS OF UNLEADED
BLENDS WITH ISOOCTANE—Concluded

[Compression ratio, 7.0; engine speed, 1800 rpm; coolant temperature, 212° F; spark advance, 30° B. T. C.}

(c} Ethers.
- - =
Imep ratio »
Inlet-air temperature, 250° F Inlet-air tempersture, 100° F -
Volume percent ether in blend with isooctane P - :
Ether Formula . }
10 20 20 ! B
Fuel-alr ratio ) - P
0.085 | Q.07 0.085 | 0.1 0.11 0.085 | 0.07 0.085: Q.10 : 0.1 0. 085 ! 0.07 0.085 | 0.10 0.1 ..
.\[ethlyl tert-butyl ether. CiHi1O 108 LoT L10 116 L16 L15 L14 120 L34 138 L28 1.28 1,35 L37 1.35
Ethy! ta't-butglether. - HuO Li14 L15 119 L20 L21 L2¢ L2s 1.28 137 145 133 1.32 L3t L35 L37 .
Isopro]iyltert— ethe C1HuO L L L12 115 114 L1 1.19 L2t 127 130 128 L2 .27 1.27 128
Meth; Eehen 1 ether (anisole}. CrHaO )N L3S Lo7 L1I0 L 1§ LI13 L10 109 1.20 1.32 i L28 L2 1.26 L8l L . =
Eth; ? nyl ether (phenetole; --| CiHiO L12 LIl L1 116 1.18 L2 124 117 131 1.40 k-&(} L7 1.33 1.4 1.41 i
Methyl p-tolyl ether (p-methy! e)..-| CeHnQ Li2 Lag Li2 LI8 L2t 120 1.14 117 1.28 L38 i 28 | .29 1.34 L42 L44 i —
= Ymep ratio knock-limited imep of blend )
P 0= sek Timited Imep of iscoctane -

TABLE A—4.—17.6 ENGINE KNOCE-LIMITED INDICATED MEAN EFFECTIVE PRESSURE RATIOS OF BLENDS
WITH ISOOCTANE-{4 ML TEL PER GALLON

[Compression ratlo, 7.0; engine speed, 1800 rpm; coolent temperature, 212° F; spark advance, 80° B. T. C.]
(a) Paraffins and clefins.

- Imep ratio »
Inlet-air temperatore, 250° F Inlet-sir temperature, 100° F
Volome percent added pareffin or olefin In blend with izsooctane
Paraffins and olefins Formnla T

| 10 20 l 20

|

H _

: Fuel-air ratio

! 0.085 0.07 0.085 0.10 0.11 0.0685 0.07 0.085 0.10 I 0.11 0.0656 ¢G0T 0.083 0.1¢ 0.11 ~

Parsfiins

2,2,3-Trimethylbutane. ... __...... CiH 1.05 1.06 1.00 1.10 L10 1.13 L16 1.22 1.23 1.24 L0 1.18 1.22 120 1.19
2,3-Dimethylpentane. .. ____________.___. —- ——- ——- —— ——- .86 87 .88 .96 .95 .96 7 87 .96 .95 )
2,2,3,8-Tetramethylpentane_.._________.. CoHu ——— — J— — m——— L19 L18 131 L34 132 .28 125 128 1.20 1.29 .
2,2,8,4-Tetramethylpentane. . La2 L03 1.04 L09 1.11 1.04 108 1.10 1.19 L2y 117 1.18 1.21 I.21 1.18
23,3 A-Tetrame-h{l]ientane..._ [ L03 1.05 1.00 114 1.17 1.10 110 1.15 1.2¢ 127 L17 1.18 1.20 L20 L16
2,4-1')Imethy1-3-e ylpentane. ___..._.____ : - —- - —— ——- Lot 1.00 1.02 100 1.00 100 101 .01 1.00

1 .

Olefins -

2,8-Dimethyi-2-pentene_ .. ooo____ C:Hn J— ——— — — ——— 0656 0.95 1.00 113 1.18 L14 L4 1.19 124 .23 .
2,8,4-Trimethyl-2-pentene. - oo____.__ CeHu 091 061 0.59 .94 .97 G:81 0.81 0.78 0.86 .92 .99 L00 1.00 1.05 1.09 -
3,4,4-Trimethyl-2-pentene. ....______._____ .86 .68 .87 Lo L05 [ - 83 .02 .92 .89 107 1.10 110 L10 1.1 1.18

= Tmep rati knock-limited imep of blend with 4 ml TEL/gal ~
P T80 = g ock-Timited Imep of Isooctane with 4 ml TEL/gal
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TABLE A-4.—17.6 ENGINE KNOCK-LIMITED INDICATED MEAN EFFECTIVE PRESSURE RATIOS OF BLENDS. .
WITH ISOOCTANE+4 ML TEL PER GALLON—Continued

Compression ratio, 7.0; engine speed, 1800 rpm; coolant temperature, 212° F; spark advance, 30° B, T, C.]
(b) Aromstles.

’ Imep ﬁntio )
Inlet-air temperature, 250“ Fo o Inlet-alr temperature, 100 F
. Volume pércent aromatic in blend with lsooctane
Aromatio ’ Formula —
: 10 ' 20 2
- Fuel-air ratio
0.085 | 0.07 | 0.085.| 0.10 | 041 | 0.085 | 0.07 | 0.085 | 010 } 011 | 0085 | 0.07 | o088 | 010 | 011
1.

B e mm e ccuena - CiHs 1.00 1.02 1.08 1.08 1.09 0.99; 104 L:I.O 1.14 1.17 L1 111 1.17 La 1.22
Methylbengene, ..o oooo s C:Hs _ 1.01 1.03 1M L05 1.10 L 06 107 Li1 1.19 126 1.13 L17 123 1.2 1.3
Ethslbenzene. s e e P CiHn .07 | 107 | 1.08 | L10 | 118 | 114 | .17 | L22 | 1.31 | L36 | L2¢ | 1.8 | 138 | 137 | L38
1,2-Dimethylbenzenc. .88 | .01 .88 87 .86 . .82 .84 .83 .82 .81 a2 R ]
1,8-Dimethylbenzene. 1.07 1.09 1.18 1.19 1.23 1.13 1.16 1.2 1.41 1,46 1.28 1.29 1.4 1.48 1.5
1,4-Dimethylbenzene . oooomereoaes . L4 108 1.12 114 1.16 106 1.18 L2 L3¢ 1.4 1.23 1.28 1,42 .47 1.48
B-Propylbenzene. - oo omeocmacem e annn CiHn .05 | o5 | 1.0 | 224 | 136 | 11| 118 | 120 | L29 | L83 | 1.3¢ | 138 | L42 | 136 | L3
Iso r?ﬁlylbenzene ...... mememmemmmam—a - i 1,04 1.10 1.12 1.18 L2 1.10 L.12 1.19 L8381 1.38 1,33 1.35 1.35 1.3 1. 41
1-Methyl-2-ethylbenzene. ... oo o.an . - . P . —_— .88 Lo00 .02 101 08 L00 1,00 1.01 1,00 .09
1-Methyl-8-ethylbenzene. _ [ i —— AUURN ISR — 1.287| 1.32 1.30 146 1.46 1.42 1.46 1.52 148 1.47
1-Methyl-4-ethylbenzene .. . ... Lo L08 104 1.14 L17 1.20 L11 1.12 121 183 L4 1.34 1.38 1. 46 142 L4l
1,2,3-Trimethylbenzene. .. ... .. _._..... ——- it | e — —— .88, .87 .90 .80 .91 87 .88 |..% R R
1,2,4-Trimethylbenzene. . ooomee - L] 9 .94 .97 .95 L4 .88 .88 .95 .04 .04 .88 90| .0 M ]
1,3,5Trimethylbenzene. .. - . oooooemoonn] .o ] L00 1.08 L12 1.16 1.17 1.02 Lo 1.24 1.40 1.47 i.268 L2 1. 49 1.58 1.53
n-Batylbenzene. CreHi¢ La1 1.03- 1.04 1.08 1.08 1.02 1.04 1.07 1.10 111 1,10 1.11 1.12 114 1.14
Isobutylbenzen¢ 109 108 109 1.14 118 1.14 1.15 1.18 1.25 1.2¢ L20 1.22 L23 125 1.24
sec-Butylbenzene. = L09 1.08 1.08 L14 117 L 16 1.18 1.20 | L9 1.36 L28 1.28 1.30 1.31 1,381
tert-Butylbenzene. .| L2 1.12 L12 116 118 1.32°| 1.80 L3l L3 1.41 1,87 1.36 1. 1. 41 1.42
1-Methyl-4-lsoprop 2] 1.08 108 1.13 117 1.1¢% 1L.17 1.13 L22 1.8 1.45 1.30 1.32 1.42 1.42 1.43
1,2-Diethylbenzene. .- . [ - J— . 1.00 1.08 Lo7 111 1.10 .11 1,10 111 1.10 LG8
1,3-Diethylbenzene. .. . L 08 1.11 1.18 1 125 1.17 1.28 1.82 1.48 L5 1.45 1.47 1.53 1.5 183
1,4-Diethylbenzene.......... H ——- - —— ——- - 1.25 127 1.82 1.42 1. 45 1.40 1.47 1.8 L 49 1.47
1,3-Dimethyl-5-¢thylbenzene. ... oooooemeo IO —— ——— —— ——- 117 | L 24 L35 1.38 L38 1.39 1.468 1,83 L6 1.43
1-Methyl-8-tert-butylbenzene CuBEw = | e oo | e oo | e L22 | 126 | 192 | L4t | L42 [ .36 | L.40 | 1.45 | L47 | 148
1-Methyl-4-teri-butylbenzene. . JUUNUREEY E caie | mmee- ——— 1,23 1.26 132 1.36 136 1.37 1,40 1.44 1. 46 1.45
1-Methyl-3,5-dlethylbenzene [ I —] ---- —_—— 1._22 1.26 1.36 1.4 L% 147 1.54 1,58 1,56 1.5
1,3,5-Trlethylbenzene. .. ..o ceoemmmaemomne CuHuy e | e ] — | e f e [ 120 124 | 136 | L4¢ | LBl | L49 | 1L58 [ L | LB | 158

knoek-limited fmep of blend with 4 ml TEL/fgal
knock-limited imep of Isooctane with £ mi T EL/gal

» Imep ratio=

TABLE A-4.—17.6 ENGINE KNOCK-LIMITED INDICATED MEAN EFFECTIVE PRESSURE RATIOS OF BLENDS .
WITH ISOOCTANE+4 ML TEL PER GALLON—Concluded

[Compression ratlo, 7.0; engine speed, 1800 rpm; caolant temperature, 212° F; spark advance, 30° B. T, C.] ..
(¢) Etbers. . --

Imep ratio »
Inlet-elr temperature, 250° F Inlet-atr temperature, 100° F
Volume pereent ether In blend with [sooctane
Ether Formula
- 10 20 20

v Fuelalr ratio
0.065 | 0.07 o085 | 010 } 012 | o085 | 0.07 | 0085 | 010 | 011 | 0065 | 0.07 { co8s | 1o | 011
Methyl tert-butylether . ..o CiHnO 1.14 L i5 1.18 .21 1.2 1. 26 1.26 1.32 1.42 L43 1.41 1.43 1. 48 1.47 I.16
Ethyl tert-butylether. . cimeiimaaeeeae CoB11Q 1.18 1.13 1.12 1.15 1.156 L4l 1.39 1.87 1.87 1.36 1.41 1.42 1L 40 1.37 1.3
Isopropyl terd-butyl ether. e oeececeomna- C:HuO 1.18 1.11 1.13 1.15 1,15 1.32 1.27 1.2¢4 127 1.%7 1.33 1.35 1.31 127 L4
Methyl phenyl ether (anisole) .o -..-. CrHsO 1.07 107 LO07 1.18 1.18 L16_ | L14 1.11 1.26 1.37 1.34 1,33 .33 1.39 1. 10
Ethyl phenyl ether (phenetole).. ... CsH10 L11 1.09 1.15 118 1.18 1.28 | L25 1.20 1.30 1.45 1.44 1.43 1.43 144 1. 43
Methyl p-tolyl ether (p-methylanisole)...| CsHyO L12 1.12 1.16 1.28 1.29 116 1.17 1.25 1.36 1.43 1,43 1.41 1.40 1. 18 1.48

knock-limited imep of blend with 4 ml TEL/gal

* Imep ratlo= o TrTred Troep of lsooctane with 4 1 TEL/gal
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TABLE A-5.—KNOCE-LIMITED INDICATED MEAN EFFECTIVE PRESSURE RATIOS OF BLENDS WITH MIXED BASE FUEL
CONSBISTING OF 87.5 PERCENT (BY VOLUME) ISOOCTANE AND 12.5 PERCENT »-HEPTANE-+4 ML TEL PER GALLON

(a) Paraflins and olefins; 25 volume percent blends.

[For 17.6 : compression ratfe, 7.0; engine speed, 1800 rpm; coolant tempereture, 212° F; spark advance, 30° B. T. C. For full-scale single-cylinder at shmulated take-off: compressfon = _
7. T 3
ratlo, 7.3; engine speed, 2500 rpm; inlet-afr temperature, F; advance, 30° B. T. (':.; cooling-air flow such that rear-sperk-plug-bushing ter:ﬂ_emtm-e equals 365° F af 140 bmep and
0.10 foel-air ratfo.  For fall-seale single-cylinder engine at simulated crulse: same conditions as for take-off except for enging speed, 2000 rpm; inlet-alr te mperature, 210° F.]
Imep ratio * T
17.8 engine Fall-scale single-cylinder engine .
Paraffing and olefins Formuls | Inler-alr temperature, 250° F | Inlet-afr temperature, 100° F | Simulated take-off conditions Simulated crulse conditions
Fuelair ratio
0.085 | 0.07 | 0.086 | 0.10 | 0.11 [0.085 | 0.07 [0.085( C.10 | 0.1l [ 0.065] 0.07 |0.085] 0.10 | 0.11 [0.065{ 0.07 | 0.085] 010 | 011 )
Paraffins
2-Methylbutane. ... ___________ | CeHue e | e e | e b e e e e f e f e J 07 105 | LIa [ LI0 | LO@ [ L1 LI2{LM4 [ RII} LOT .
2,2-Dimetbylbutane . ._._.._.___ CeHyy e [ b i e oo i oo | e oo | eee- [ 118 {110 | 108 [ IOF | LO5 | L1060} LIS L10[LO7T| 107 m
2,8-Dimethylbutane Jopom b | = o == | = [ - = | %[ L26 | 119 | 112|110 | 127}1.26,1109[113) 1.08 .
2,2,3-Trimethylbutane ___._._....... 1.24 [ 1.82 | 1.30 [1.28 | 1.28 [ 1.26 | 181 | 1.81 | 1.28 | 1.30 { 1.31 | L84 [1.28 ) .27 | 1.35{ 1.31 | 1.26 | 1.30 | 1.25 -
2,3-Dimethylpentane. _. 103 L06 | Lod [ L0 ) oo | oo | oo [ oo} oo | o | oo | e fomee b oo | e | e F e b e __
2,2,3-Trimethylpentane. —_ .flLoiL22|Lo7 125128 |12r[1.26]1.26 128 L24 :
2,3,3-Trimethylpentane. —_— . |rLesi{rLa L2l L2 |LIo[L20|L18(1.22} L2 .
2,3,4-Trimethylpentane . - —|115[ 106|116 | 17§ L15]L17|1.16 | 1.57 | L.18 j L1I4 =
2,2,3,3 Tetramethylpentane. ... 7 J R DR O DU D N (RN (UUUN SN UL UUNNRN RN '_
2,2,3,4-Tetramethylpentane.... . _ ; 1.26 |1.20 (121|124 [L24 {2028 | oo | oo | oo | oo § - | L2 1201 1 L2 L22 =
2,2,4,4- Tetramethylpentane _..___.__ : _ e | oo | o § e b e P —_ | 1.14 | 1.06 {000 | 0001102105108 .88 {1.00} 1.00
2,3,3,4-Tetramethylpentane. . ... 1.13 1.19 L22(1.22}2.27 | 1.80 | B-28 | oo | aooe | eee | ceee f e (L2215 ) L2E | 127 128
2.4-D£methyl4mﬁy pentane. ... [ 106 |1:06 [ 108 108 107 | e | cooe b | emee b oo Lo b | D | - R S R 3
Olefins
2,3-Dimethyl-2-pentene.. .._._.______ 103 | L07 | 112 1 118 | 20 | coce | ocmce | come | coce oo b oo [ mom fmee | mmee [ mmee | oo famom b ommmm | meme | 2ean _
2,3,4-Trimethyl-2-pentene .. .__ CyE, 04| .04 04| .09 L05|L12fL11 [L1.11 [ L14 |1.10} coae | comc fovec | ——-F - |0.95[0.06}1.05{L00] 104
24,4 Trimethyl-1-pentene_.___ e | mmmm e e Ve e e P | e e [ LO4| 101 [ 114 1.82f 1371126123 130 135 133 B
2,4,4-Trimethyl-2-pentene. ... mme | cemn | eme | e | e e e b oo | aeem f - 1106 | L0108 R12712F | 1.25( 1200 117]1.12] 115 —
3,4,4-Trimethyl-2-pentene . __________ 80t10t 1041510 Li1s(125|122[t20 L8 (L2s) | -} | _j-.-|LI8[LI12 7113} 112 —
(b) Aromatics
¥ =T
i Imep ratlo » -
'l 17.6 engine Fuall-scale single-cylinder engine ___
] Aromatic Formula | Inlet-air temperature, 250° F Inlet-afr temperatare, 100° F | Simulated take-off conditions Simualated cruise conditions . _
| i
Fuel-air mtio
0.085 [ 0.07 |0J385i 0.10 | 011 ;0.085 [ 0.07 |0.085} 010 | 012 | 0.086 | 0.07 [0.085| 010 | G-11 [0.085 0.07 | 0.085 | 010 | 0.11 -
i ;
Benzene. ... oooomaen CeHs 1.04 | 1.08 [ L15|1.22§1.28 ;118|120 |1.28 +1.27:1.28 | 0.97 [ 0.63 (114 | 1.10 | L.20 | 1.20 | L16 | 1.17}5.23 | 12§ e
, Methylbenzene _______.___.....ceen. C:H;..... e e b e e b oo e Voo oo oo | eeem (1210 112 [ Le1 [ 1.40 [1.38 | 1.28 [ 130 1 141} 1.48 | 1.42 - __
. Ethylbenzene.._..o..oonoocecocoeoee CeHn oo e oo o Ve Vb eV ] e 212 222183 [ 1.38 | L8a [ 135 130l 1.45] L3 [ 1.35 T
¢ 1,2-Dimethylbenzene. — 0.81 08 086|091 |0.92(08 [060]¢81 092 i ees4| .77| .71 | .98 .98 ] .98 .77 | .82 | .68 .00 [ .08 _
' 1,3-Dimethylbenzene.. - 121|122} 146 [1.68 ) L564|1.34 [ L3S | 161 [ 1.86  L&7 | como | o [ coa b coce | o oo ) e | s e | oeee .o
: 1,4+-Dimethylbenzene......_.._____... S NS S SN N DR SRR RN S | eeee | L1912 [ 1G5 | 1.64;1.64)2.2311.31 1.68{1.62] L&8 ~
i n-Propylbenzene. .. . .. ... CsHis 1.22 [ 1.24 11.31 [ 1.31 1.8 1400 | oo bV o V4| s5 [ Las f a0 | 138 T
! Isngrogylbenzene ......... - 125 [1.27 | 1.40 [ 145 oo | o~ {1,265 {127 [1.39 | L47 [ 1.483 | 1.40 [ L36 | 1.52 } 1.48 | L 41
| 1-Methyl-2-ethyl-benzene. = Loz|1os|Loo |08 gl Rl Sonl il Seituil Sl ool Ruvtoil Rl v Suinal Mo
t 1-Methyl-8-ethylbenzene. ... - 1.34 | 143 | L54 | 1.56 . [V IO RTRUN I I E
i I-Methyl4-ethyitbenzene. . - 1.05| 1.0 1.25( 140 1.59 1.58 | 1.52 | 1.65 | 1.66 | 1.56 M
i 1,2,3-Trimethylbenzene. - - .- B L0 .09, (6B —_— IR (VU SO S =
, 1,2,4Trimethylbenzene .. an 86 .92 1.01) 1.08 L0o4 74| .87 |1.05)1.08 [ 1.07 _
} 1,8,5Trimethylbenzene ... .______ 113 [ I.22 {145 ; .68 ——- 1.34 | L.390 | 1.54 | L62 | L6&4 .
{ #-Butylbenzene CroHn 1.031L064|L12]1.18 1.18 LIir|[L10(|1.20)1.22( 119
Isobutylbenzens__ 109 {1.131.18 [ 128 L7 L35(1.30{1.35]|1.8¢4| L3I
}  sec-Butylbenzene L22,1.22|1.27} 1.38 L 40 1.34 | 1.34; 1.37 | L3S | L35
} tert-Butylbenzene. . 124 | 1.22 | 1.34 | L4F 1.54 1.40 [ 140 [ .57 | L35 [ L49
¢+ 1-Methyi-4-Isopropy 1.23|1.23 | 1.86 | L4 1.53 1.51 (1.51 [ 1.60 | 1.52 | L&2
l 1,2-Diethyl LOT LI [1.14|114 — JU [N S DR o
,8-Dieth! 1.251.26 [ 1.43 | L48 L60 1.67 | L7l | L8| L L.56
{ L4-Dieth . 1.43 11.50 | 1.57 | L35 [N S [N SN (DR S R RN UNSIE IR S LT
1,8-Dimethyl-$-ethy! 1.36 | 1.45 | 1.40 | 1. 40 [N S IONNU PN U [N SR U IR AUV [ S o
1-Methyl-3-tert-butylbenzene L40|L44f152|L5s [N S DN (P DU U NN UUNNN [UUNNED SUSUN SN S -
1-Blethyl-4-fert-butylbenzene. _ 1.44 1 1.49 | 137 | L&D ORI SN IS NI PN DN S I RNVRI SR RN S -
1-Methyl-8,5-dlethylbenzene . ________ 1.441.50 (165|171 U SN RUNIVUI RN IR (NN NNV IR (NI SR R S -
I 1,3,6-Tristhylbenzene. ... I [Lat{Le|Lez;Les oo e [ e e [ e | ) QS [ N l e | —
1 .

Enock-limited imep of blend with 4 ml TEL{gal

* Imep ratio= o Tred mep of mixed base fuel with 4 ml TELfgal
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TABLE A-5—KNOCK-LIMITED INDICATED MEAN EFFECTIVE PRESSURE RATIOS OF BLENDS WITH MINED BASE FUEL.
CONSISTING OF 87.5 PERCENT (BY VOLUME) ISOOCTANE AND 12.5 PERCENT n HEPTANE+4 ML TEL PER GALLON—Concluded

(c) Ethers, '
[Compression ratio, 7.0; engine speed, 1800 rpm; coolant temperature, 212° F; spark advance, 30° B, T, C.}

. 17.86 Engine imep ratio»
! Inlet-air temperature -
» } .- CF)
- - - Vo]um:
percen
Ether Formula ether in 100 250
: T blend ST
M Fuel-air ratlo
0.065 l 0.07 0.085 i 0.10 0.11 0. 065 0.07 0.088 I 0.10 l (S
| Methyl tert-butyl ether-..ommeoememoeciemeomee CeHnO 10 L18 L7 Lif | L8 L18 L L4 L5 L16 118
i Ethyl tert-bufz ether.._.. ----| CeHuO i1l L1l L10 L09 L 06 1.1 112 113 L13 113
Isopronyl tert l;gl ether. | CTHUWO 1.11 1.11 L1l L10 L1l 1.13 1.13 110 1.10 L11
Methyl phenyl ether (andsole).. . . ... .| CtH'O 118 L20 1.17 1.18 L18 111 L 1.12 115 1,16
Ethyl phenyl ether (phepetole). ... —ae-| CéH1O 1.17 L1& 1.18 1,17 1.17 1.156 114 111 | L12 1,15
Methyl p-tolyl ether (p-methy! ) [ D CsH1eO 118 1.15 1.18‘ 110 1.20 1.15 115 119 1.1¢ 1,20
Mathyl tert-butylether. ... CiHnQ 25 L5l 1.50. 1.50 1.58 L g% 1.45 1.43 L49 1.523 151
Ethyl tert-butyl ether.._.. ClEug ' 144 1.43 L4 L36 1 1.47 1.45 138 . L339 1.3¢
Itopropy! tert-butyl ether.... C1H O 136 1,37 1.38 1.35 1.33 1.33 138 131 1.31 L.31
Meth Igehenlylt%e er g.nlsole - CHaO 1.46 1.48 1.45 1.50 154 1.8t 1,29 L2¢ 1.36 141
Eth: nyl ether (phenetale)....... CyHnO 157 1.85 1.54 L55 L56 1.39 134 1.30 1.37 143
Maethyl p-tolyl ether (p-methy! le). CeH1O 158 L% 182 159 165 1.38 1.3 1.37 1.44 L &2
Methyl tert-buiyl ether..._._.._. ... CsHn0O 50 2,28 2.81° 2.% 2.59 2.40 2.07 1.84 2.4 2.46 2.4
Ethy tcrt-butﬂlgther ..... CeH1iO 227 238 2 2.14 2.02 1. 83 1.88 176 L9 201
Isopropyl tert-butyl ether. _____ CrHiQ 2.14 2.16 2.0 2.00 L98 2. 168 1.88 1.90 1,95
Methyl l[.;vhenyl e anisole)..... .. CrHiO [ ez}, 268 2.72 L7l L 50 1.4 .74 2.07
Ethyl phenyl ether (phenetole)........ --| CsH10 2.80 2,01 2,63 2,72 L77 1.64 1.52 Lo 2.1
Methyl p-toly! ether (p-methy!] 18) .o e | CH RO a7 242 2 T4 2.96 L43 1.28 1.24 140 1.65

» Imep ratiow

knock-limited imep of blend with 4 mI TEL/gal

knock-limited Imep of mixed base fuel with 4 ml TEL/gel

TABLE A-6.—17.6 ENGINE TEMPERATURE SENSITIVITY OF BLENDS RELATIVE TO. ISOOCTANE AND MIXED BASE FUEL
CONSISTING OF 87.5 PERCENT (BY VOLUME) ISQOCTANE AND 12.5 PERCENT n-HEPTANE+4 ML TEL PER GALLON

[Compression ratio, 7.0; englne speed, 1800 rpim; coolant temperature, 212° F; spark advance, 30° B. T. C.]
(a) Paraffins and olefins.

R h ]
Relative temperature sensitivity »
20 volume percent added pnra.ﬂin‘or olefin n blend with lsooctane geﬁﬂ‘f?&?ﬁ'd”é'{‘:ﬂdgﬁd b’:g?ugf
Pamﬂiinf and olefins Farmula‘ Unleaded 4 ml TEL/gal
. Fuelairratio )
0.085 0.07 ) I 0-085 | Q.10 0.11 0005, 0.07 0.085 Q.10 Q.lt 0.085; 0.07 0,085 0.10 Q11
. - . Paraffing = . - -
2, 2, 8-Trimethylbutane. ... ....ooo..o.. C7Hy L.06 1.05 L10 1.05 1.00 1.05. LOO 1.00 100 0.5 1.05 Lo5 1.0 1.00 1.00
2,3-Dimethylpentane....oovueenn 1.00 .95 L00 1.00 | 100, 1._00_ 1.00 1,00 1,00 1.00 —— ——— a.—— - -
2, 2, 3, 3-Tetramethylpentane. . CiHn 1.10 1.05 L05 Q.96 0.95 1.03 1.05 1.00 0.95 .96 w——— [ - —— m—
2, 2, 3, 4-Tetramethylpentane.. L20 1.20 1.15 1.05 1.00 1.10 1.10 1.10 L00 96 1.05 L10 1.05 1.00 1.00
2, 8, 8, 4 Tetramethylpentans.. . 1.26 1.25 1.15 1.10 1.00 1.05 1.06 LGS .95 .96 110 L10 1.05 1.00 .00
2, ¢-Dimethyl-3-ethylpentane 1.05 1.00 1.00 1.00 .95 1.00_.] 1.00 1.00 100 1.00 m— a——— e - oua
Olefins
2, 3-Dimethyl-2-pentene . ..ccocemceoamcnn- CrHu 1,15 1.15 1.16 115 1.10 1.20 1.20 L10 1.05 ——— .- —una w—— .
2, 3, 4-Trimethyl-2-pentene. .. ....oo...... CyHis 1.20 1. 20 1,26 1.20 1.15 1.20 125 130 1.26 1.20 1.20 | 1L.20 1.20 1.15 110
3, 4, 4-Trimethyl-2-pentene. ... ... - 1.15 110 L15 1.20 L16 1.20 1.20 1.20 1.16 1.1¢ L.25 .20 1,15 1.10 L10

a Relative temperature sensitivity

imep ratlo of blend (Inlet-air temperature, 100° F),

imep ratio of blend (inlet-air temperature, 250° F)
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TABLE A-6—17.6 ENGINE TEMPERATURE SENSITIVITY OF BLENDS RELATIVE TO ISOOCTANE AND MIXED BASE FUEL
CONSISTING OF 87.5 PERCENT (BY VOLUME) ISOOCTANE AND 12.5 PERCENT n-HEPTANE- 4 ML TEL PER GALLON—Continued

[Compression ratfo, 7.0; engine speed, 1800 rpmit; coolant temiperaturs, 212° F; spark advance, 30° B. T. C.]

(b} Aromatfes.
Relative temperature sensi'tiv‘[ty =
25 volume percent sromatic In blend
20 volume percent aromatic in blend with lsooctane wlgmjxed base fuel
Aromatie Formula Tulesded | 4 ml TELfgal
Fuoel-air ratio

0.063 0.07 0.085 0.10 01r | 0.065 0.07 0.085 Q.10 [1AhE 0.085 007 0.085 0.10 [IN§3
CsHa 1 105 L0S 160 L00 L10 105 L05 1.05 1.05 1.16 L10 105 105 1.00
C:Hs 1.05 1.08 L00 1.00 L10 1.10 L10 1.10 1.05 —_ —— P —— —_———

CyHy 1.15 1.20 L20 110 1.05 1.15 1.15 1.10 106 1.00 ——— . I ——— ———
L10 L10 1.15 L.1¢ 1.05 1.05 1.00 L.00 1.0 L05 L10 L3 L0o 1.00 1L.0g
1.25 120 1.15 L20 1.20 L1s L10 110 L0S 1.05 L10 115 1.08 1.00 1.00

1.10 1.15 1.10 L05 1L00 LIS L15 1.15 110 1.05 ———— —— [ —— ——
n-Propyibenzene. . ..o aemeaeeae CyHn 1.15 1.15 115 116 L 05 L20 1.20 1.15 1.0s 1.00 L10 1.05 1.05 1.0%
Isomp':u ylbenzene . -ceeoee-- 110 1.20 L20 1.10 L05 1.20 20 1.15 LOs 1.00 — —— ——— ———
1-Methyl-2-ethylbenzene . .. ... 1.00 1.06 LOS 1.00 L 0o 1.05 LO0 1.00 L0 1.00 —am ——— ———
1-Methyl-3-ethylbenzene_._... - 115 120 1.156 1.10 LO5 1.15 110 L10 L00 1.00 — o P —— -
1-Methyl4-ethylbenzene .. ... 1.00 1L05 1.00 1.05 1.05 120 1.20 1.20 1.05 L00 L2 1.20 1.25 1.15 1.08
1, 2, 3-Trimethylbenzens__ L6 L05 .05 1.05 L05 1.06 1.00 1.00 105 1.05 ——— . —— [ R
1, 2, ¢-Trimethylbenzene. . L10 110 1.10 110 LO05 105 1.00 1.00 1.00 1.00 1.10 110 1.05 1.00 1.00
1, 3, 5-Trimethylbenzene. - 1.25 1.20 .20 1.16 LO5 L25 1.20 1.20 1.10 1.05 ——- ———— ———- ———- ———
CroHy 1.10 110 L10 L10 105 1.16 1.05 1.05 L05 105 110 L10 LO5 1.0¢ 1.00
1.15 120 L2 115 1.10 1.05 .08 105 100 .95 L1 110 L10 105 100
L15 L1§ 1.10 L.05 1.00 110 L1§ L1a L0G .85 1.08 1.10 1.05 1.05 1.00
1.30 1.30 L20 125 1.15 1.05 L05 L0 LO0S 1.00 1.2 L2§ L15 1.10 L05
L20 Lo L20 1.20 LIS L15 L13 1.15 1.00 L 00 1.15 L15 1.10 1.05 1.05
100 L05 1.10 1.00 1.00 110 L05 1.05 1.00 100 . J— o —_— .
120.} 120 1.25§ 1.20 1.10 126 120 1.15 105 1.060 120 1.15 1.10 LI0 1L.05
L20 120 1,15 L1I0 L0 1.10 1.15 115 105 1.060 ——— . ———— am—— —_—
1.15 1.15 115 110 1.06 1.2¢ 1.20 1.15 105 LOS — —— . —_—— ————

1-Methyl-3-fert-butylbenzene . ... .... CunHn 1.10 1.18 110 L0 1.00 L1 115 L1o L L 00 — [ ——— ———- am——
1-Methyl-4-tert-butylbenzene. ... 1.15 115 L10 1.05 1.00 1.10 L10 L10 Lo5 1.05 ——— o [ ——— _——
1-Methyl-3, 5-diethylbenzene . ..coveemmn 1.20 120 1.20 L1 1.05 1.20 128 1.10 L10 1.00 —— ——_— [ ——— —
1, 3-5-Triethylbenzene .. oo CuHis 1.25 125 1.25 1.15 1.05 1.25 1.25 110 L00 1.00 ——— . — c—— ———

imep ratio of blend (inlet-air temperature, 100° F) -

* Relative temperature sensitivity = r s (let-alr temperature, 260° F)

TABLE A-6—17.6 ENGINE TEMPERATURE SENSITIVITY OF BLENDS RELATIVE TO ISOOCTANE AND MIXED BASE FUEL
CONSISTING OF 87.5 PERCENT (BY VOLUME) ISOOCTAXNE AND 12.5 PERCENT »n-HEPTANE-4 ML TEL PER GALLON— .
Concluded

[Compression ratio, 7.0; engine speed, 1800 rpm; coolant temperature, 212° F; spark advance, 80° B. T. C.]
(c) Ethers.

Relative temperature sensitivity =

Ether in blend with mixed base fuel, percent by volume

20 10 25 50
Ether Formula
Tnleaded 4 ml TEL/gal
Fuel-air ratio
,:065 0.070.085! 0.10; 0.11 0.06-'l| 0.07|0.085| 0.1¢ 0.1 &065' 0.070.085| 0101 0.11:0. 065 0.07{0.085‘ O.IOE 0.11(0. 065 o.crr[u.mslu.m {1l
Methyl teri-butylether. . ..__ 1.10 {115 [1.05 {100 |1.10 (.15 }1.10 [L 05 [1.00 JL.06 |1.05 [1.00 |1.00 (1.00 11.05 {106 |1.00 {1.00 [1.00 |L.EG |1.25 }1.10 1.05 |L.0C
Ethyl tert-butyl ether.... 105 |1.00 [1.oo | .95 {1.00 {2.00 {L 00 (L 00 {100 [1.00 |1.00 | .95 | .95 | .95 |1.00 |L 0O (1.0C (£.00 | .95 [1.15 |1.25 {1.20 |1.10 |1.00
Isopropyl fert-butyl ether 1.10 L 05 |1.00 | .95 |1.00 {1.05 |1.06 |1.00 | .65 [1.00 (1.00 [1.00 |1.00 [1.00 [1.05 |05 |1.05 |1.05 |1.00 {1 1.10 [L10 |1.0G5 [L.00
Methyl phenylet! (anisole)..| CyHyO [1.15 1.15 |1.15 (1.10 [1.00 (1.15 (1.15 (1.20 |1.10 [1.05 [1.05 [I.10 [1.05 1.05 [1.00 |L.10 L 1§ (1.15 [L.10 {110 | cojoeoce]-—cam 1.50 (1.80
Eth%?) phenyl ether (phene- | CsHO [1.10 {1.10 |1.15 |1.10 }1.00 |1.1§ 1.15 L. 10 [1.05 [1.00 |1.00 |1.00 [1.05 (1.05 [1.00 [1.15 |L.15 [L.20 [1.15 ;1.10 |..... L.70 (170 (1.35 }1.20
tole).
L'Iethylp-to)lylether (p-meth- | CeHwO (105 {L.15 |1.15 ;2.10 |L. 05 |I.25 1.20 110 |2.65 (L.OS I.Mtl.OO 1 00 |1.00 |2.00 [1.10 {L15 [1.10 [1.10 |1.10 [--.-. 2.10 11.95 [1.95 1.80
ylanisole]

N {mep ratio of blend (inlet-eir temperature, 100° F)
* Relative temperature sensitivity = F o oon S rhland (fnlet-slr temperature, 250° F




630 B REPORT 1026—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TABLE A-7.—17.6 ENGINE LEAD SUSCEPTIBILITY OF BLENDS RELATIVE TO ISOOCTANE
[Compression ratlo, 7.0; engine speed, 1800 rpm; coolant temperature, 212° F; spark advance, 30° B. T, C.j
(a) Paraffins and olefins.

e

Réfative lead susceptibility =
Inlet-air temperature, 250° F Inlet-air temperature, 100° P
Volume pereent_’_p‘a.rafﬁn or olefin In blend with Isooctane
Parafips and olefins Formuls - a— -
0 . . 20 20
, Fuel-alr ratio
0.065 0.07 0.085 0.10 0.11 J 0.085 0.07 0.085 0.10 0.11 0.005 0.07 0.085 €.10 0.11
Paraffins
2, 2, 3-Trimethylbufene. ... ..ocoeolnaen CrHjs 105 1.05 L0 LO0 L0 L05 L 10 110 L06| LO5 1.05 LO5 L00 | LOO 1.00
2: 3 Dimethylpentans. . .-.nnumo-mmn T o ] o | aeee ) cesi ) oo ] LOO | LOO | 105 1.05| L00 | .05 | 108 Los | 100 | 10O
2, 2, 8, &-Tetramethylpentiane.. CsHp . RN R J—— e | 10 1.08 L10 LO0| LOO 1.00 1,00 .00} 100 1.00
2, 2, 8, 4-Tetramethylpentans. 1.0 1.05 1.05 1.00 1.00 L15 L15 110 LGS | 100 1.05 108 LOs | 1.00 LOO
2, 8, 8, 4&-Tetramethylpentane 1.10 105 1.06 110 1.05 L 15 1.16 1.05 LG5 | LOO L 00 100 1.00 N .95
2, 4-Dimethyl-3-ethylpentane....ccacevaa- e —- — — —- L0b 1.00 100 .00 LOO .95 1.0 .95 ] Loo 1,08
Oleflns
2, 3-Dimethyl-2-penfens. - . oocueecaammunnn CrHu ——- ——- . —— . 0.95 095 100 LO5 1.00 1,00 L00| 10O L 00 0. 95
2, 8, 4-Trimethyl-2-pentene. ...occcanmeu-- CsHu 1.00 1.00 1.00 LOS LO0 L05 105 1.00 108 1.08 1.05 LOS | 108 1 1.08
8, 4, &-Trimethyl-2-pentens. ...~ oncoooeen 1.00 100 1,00 L0 | 1.00 Leo | 1.00 1.00 1.00 100 L0& 1,05 | 1.00 1 1.00
imep ratio of blend with 4 m1 TEL/gal . L . R . —
* Relative Jead susceptibllity =f 0 oiio of blend with 0 ml TELfgal
TABLE A-7.—17.6 ENGINE LEAD SUSCEPTIBILITY OF BLENDS RELATIVE TO ISOOCTANE—Centinued
[Compression ratlo, 7.0; engine speed, 1800 rpm; coolant temperature, 212° F; spark advance, 30* B. T. C.]
(b) Aromatics.
Relative lead susceptibility s
Tnlet-air temperature, 256° F Inlet-air temperature, 100* F
Volume percéent sromstio In blend with Isooctane
Aromatio Formula - . - -
10 . 20 20
Fucl-air ratlo
. 9.085 0.07 0.088 010 011 0.065 0.07 0.085 0.10 0.11 0.065 0.07 a.085 0.10 0.1F
B Y- S L. | CoHe 1.00. LO00 L0058 1.06 L 06 1.00 LO5 L10 1.06 L00 1.05 L05 110 L1¢ .08
Methylbenzenn .......... CiHa 0.95 L@ 100 0.95 1.00 Loo L06 1.00 L0 L o0 L10 110 105 LO05 1.05
thylbenzene. . .o cceococcam e caeee CiHio 1.05 L06 1.05 L0a 0.95 1.10 L1§ 115 1.10 1.08 110 .10 1,05 L00 1.0§
1 2-Dimethylbenzene .. [ .95 .85 .95 .90 .85 .85 20 .95 .90 85 .85 .85 .85 85 .80
1, 8-Dimethylbenzene. .. ... o-ucueen-- — Llo 1. 10 110 L10 L16 120 25 1.20 L25 1.26 .10 L1I0 L20 1,10 L10
1 4-Dimethylbenzene. .. ccoceamcmncana- 105